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ABSTRACT

The project goal was to develop a cosffective water recovery process to reduce the costs and anv
ronmental impact of shde gas production. This effort sought to develop both a flowback water pre
treatment process and a membranebased partial demineralization process for the treatment of the
low-Total Dissolved Solids (TDS) portion of the flowback water produced during dfydcturing opera-
tions. The TDS cutoff for consideration in this project is < 35,000 ~ 45,000 ppm, which is the typical limit
for economic water recovery employing reverse osmosis (RO) type membrane desalination processes.
The ultimate objective is the mduction of clean, reclaimed water suitable for rese in hydrofracturing
operations.

The team successfully compiled data on flowback composition and other attributes across multiple
shale plays, identified the likely applicability of membrane treatmeptocesses in those shales, and
expanded the proposed product portfolio to include four options suitable for various reuse os-di
charge applications. Pretreatment technologies were evaluated at the lab scale and dessiected
based upon their efficacy in rexoving key contaminants. The chosen technologies were further ival
dated by performing membrane fouling studies with treated flowback water to demonstrate the tec
nical feasibility of flowback treatment with RO membranes. Process flow schemes were consedct
for each of the four product options based on experimental performance data from actual flowback
water treatment studies. For the products requiring membrane treatment, membrane system made
ing software was used to create designs for enhanced water reaery beyond the typical seawater
desalination benchmark. System costs based upon vendor and internal cost information for all process
flow schemes were generated and are below target and in line with customer expectations. Finally, to
account for temporaland geographic variability in flowback characteristics as well as local disposal
costs and regulations, a parametric value assessment tool was created to assess the economic attra
tiveness of a given flowback recovery process relative to conventional dispbfor any combination of
anticipated flowback TDS and local disposal cost. It is concluded that membrane systems in coatbin
tion with appropriate pretreatment technologies can provide costffective recovery of lowTDS flav-
back water for either beneficiateuse or safe surface discharge.
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List of Acronyms

Acronym Definition

bbl Barrel (1 bbl = 42 gallons)

Conventional Conventional Flowback Water Dispos&lrocess based on Class || SWD
Cehemicals Cost of process chemicalss/bbl flowback

Cconventional Cost of Conventional Flowback Water Disposal Process, $

Goisposal Cost of flowback disposal (=rfansport+ Gwo), $/bbl

Crwrp Cost of Flowback Water Recovery Process, $

Grresh water Cost of fresh water for frac use, $/bbl

Cviaintenance Cost of annual maintenance per annual feed processed, $/bbl flowback
Chenalty_Avoid Value of penalty avoided due to flowback rase

Gerocess Cost of process steps (capital and operating expenses), $/bbl feed

Ceroduct pelivery ~ COSt Of product elivery to reuse site, $/bbl product
Geroduct vawe  Value of fresh water avoided due to flowback rase, $/bbl product

CRecovery Cost Of pFOdUCt recovery (= 'IQatment + CProduct Deliverya CProduct_VaIué*‘CPenalty_Avoic),
$/bbl product

Cswo Cost of salie water disposal by deep well injection, $/bbl

Gsetup Cost of mobile rig transportation and setup at the frac site, $/bbl feed

Crreatment Cost of flowback treatment to produceroduct (=Getwp+ Gorocesy, $/bblfeed

Crransport Cost of transportation @ disposal water, $/bbl flowback or concentrate

Gwaste Cost of FWRP proceswaste disposal, $/bbl flowback

0Cwof f 6 TmeDv8lue of yF where the faréCeonventiona = 1 represents the economical
ocoffo TDS for that particular frac flow

F Flowback volume, bbls

FWRP Flowback Water Recovery Process

GE General Electric

GEGR General Electric Global Research

GEW&PT General Electric Water & Process Technologies

MF Microfiltration

MMcf Million cubic feet

NF Nanofiltration

NTU Turbiditymeasurement unit

RO Reverse Osmosis

SWD Saline water disposad deep injection Class Il well

SRB Sulfate reducing bacteria

TDS Total Dissolved Solids

TSS Total Suspended Solids

UF Ultrafiltration

X Extent of flowback recovered, bbl product/bbl flowback

Xpretreatment Extent of fowback recovered after pretreament prior to membrane desalia-
tion), bbl/bbl flowback

YF Feed TDS concentration, ppm

Yconcentrate Concentrate (sent to SWD) TDS concentration, ppm

Yistillate Distillate (from thermal evaporator) TD&ncentration, ppm

Ypermeate Permeate (from membrane) TDS concentration, ppm

Yproduct Product TDS concentration, ppm

VRetentate Membrane retentate (reject) TDS concentration, ppm
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EXECUTIVE SUMMARY

This is thefinal report for this project supported by U.S. DOE NETL (Contract NeFI[EE00784) and GE
Global Research (GEGR). This report provides a project narrative and a summary of project activities
and accomplishments for tke reporting period beginning October 1, 2009 ash ending March 30, 2011.

The project goalas to develop a costeffective water recovery process to reduce the costs and dnv
ronmental impact of shale gas production. This effort sought to develop both a flowback water-pre
treatment process and a membrae-based partial demineralization process for the treatment of the
low-Total Dissolved Solids (TDS) portion of the flowback water produced during hydrofracturingaper
tions. The TDS cutoff for consideration in this project is < 35,000 ~ 45,000 ppm, wisithd typical limit

for economic water recovery employing reverse osmosis (RO) type membrane desalination processes.
The ultimate objective is the production of clean, reclaimed water suitable foruse in hydrofracturing
operations.

Over the past yearthe shale gas industry appears to be continuously evolving in terms of methastol
gies and technologies used for hydrofracturing. Moreover, the various States have been active on the
regulatory front in terms of water sourcing and disposal for this very partant energy sector. Ilwas
necessaryto understand this dynamic nature of the shale gas market and the potential impact that
has on the specifications and costs for our product water for frac 1ese. The team revieed infor-
mation published in open lgrature and obtaired feedback from frac operators. The team also visited
frac flowback and underground injection disposal sites to get a better understanding of the operation
logistics and specifications for water raise.

Consequently, itbecame necessary to update the product water scope fronthe one product with
20,000 ppm TDitially proposedto potentially four alternative products with varying levels of pukif
cation:
1 Productl: Clarified only (removal of suspended matter, free oil & greabe, and microbiolg-
ical contaminants)
1 Product2: Softened and Clarified (removal of hardness ions, namely Ba, Sr, Ca, Mg bdhigles
purity specs for Productl)
1 Product3: Partially desalinated to < 20,000 ppm TDS (besittespurity specs for Produc®)
1 Product4: Substantially desalinated to < 500ppm TDS (besides the purity specs for Preguct
Product3 above now represents the initial product target.

For this project, the verification of success criteria for critical go/sgp decisions weredetermined to
be:

1 Product quality specifications for the Products-2 to their respective target applications. &/
ter recovery >95% for Produetl and >90% for Producf. For flowback water with <40,000
ppm TDS, water recovery > 50% for Produ8tand > 40% forProduct4.

1 Cost of the overall Flowback Water Recovery Process (FWRP) < Cost of Conventional Saline
Water Disposal. The FWRP includes Treatmenb€§ls (mobié rig related process equipment
transportation & setup chemicals and waste disposal power) and Concentrate Dsposal
Costs. For the shale plays under consideration,ightranslates to targetTreatment @st <
$2/bbl flowback water.
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1 Separation process operable in a 5§pm mobile rig configuration

Information on frac flowback attributes (flow rate vs. time and corresponding water analysis) is not
readily available, as frac operators tend to keep their data proprietary and confidential. Nevertheless,
relevant information on the flowback and producedvaters in the Marcellus, Haynesville, Barnett,
Fayetteville, and Woodford shales was acquired, albeit under Rdisclosure agreements.

FIl owback water is not a uniform o0raw material 6 from |
and chemical propeties of flowback water vary considerably depending on the geographic location of

the shale play, the geological formation, and the chemicals introduced during the drilling and fraetu

ing operations. Moreover, flowback volume and water properties vary taghout the lifetime of the

well. The components in the flowback water of interest in this project are particulates (>5 pnmg; su

pended solids (<5um, colloids), free oil, dissolved organics, volatile organics, hardness ions (Ca, Mg, Ba,

Sr, sulfates, carboates), Fe, silica, and bacteria that may affect the product quality and/or the desal

nation membrane performance.

The flowback rate is highest initially and then decreases. Although there could be wide variation
across geographical locations and due toperator bias, general flow profiles are shown below:

Time Flowback rate Flowback recovery, % frac fluid
1-5 days: 100-150 bbl/hr 10~ 25%
5-15 days: 200 60 bbl/hr 8~12%
15-30 days 5-10 bbl/hr 1~5%
30- 90 days: 10 bbl/day 1~2%

The overall flowback after 90 days is in the range of 15~40%, but could be higher in certain wells.

Based on surveys of the TDS content of theefl owback
sent view on theextent of applicability of our lowTDS (< 40,000 ppm) recovery approach is as follows:

In Fayetteville and Woodford, almo€0-100%, since the flowback has generally < 40,000 ppm TDS. In

Barnett, by selectively directing the flowback from the first 5 day~3040% of the flowback may quat

fy as lowTDS, but recovery may not be considered at all since disposal via underground injection is

readily and cheaply available. In Marcellus, overall only a small fraction (<10%) of the flowback may be

amenable tolow-TDS recovery. However, #20% of the flowback may be amenable at certain lac

tions with appropriate water management to isolate the first 3~5 days of flowback waterln the

Haynesville shale, due to the high TDS salinity and the availability of salia¢er disposal sites in East

Texas, there is limited scope for membraneased frac flowback recovery.

Frac flowback samples were obtained from wells in the Woodford shale in Oklahoma. These are daily
samples fromDay-1 through Day-14, along with two 55gal drums of water samples fronDay-1 and a
composite of several daily samples. Another &fal drum sample was obtained from théay-26 flow-

back from another nearby well. These water samplegere used inexperiments for assessing f@-
treatment and membrare options.

Benchscale experiments have been successful in identifying process technologies and associated
operating conditions for the removal of key contaminants pursuant to the product quality specéfic
tions for the alterrative Productsl,-2,-3 and 4. However, removal of organic contaminants proved
to be a greater challenge for frac flowback waters than anticipatedThis was solved with use of a
novel ultrafiltration membrane. A novel analysis techniqugeveloped by Hans Grade at GE Global
Researchthat usesa 2-column gas chromatography (GC) method for separation of the components
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based on polarity and boiling point, followed by analysis with a Time of Flight Mass Spectrometas
applied to understand the nature of organics in frac flowback watesamples. This technique was
found useful in providing a qualitative understanding ahe effect of pretreatment methods on the
presenceand disappearance of organic compounds in the treated frac flowback waters.

For Products3 and 84 that require RO menbrane desalination key membrane foulants, namely ire

ganic compounds that could physically precipitate inside the membrane module and inorganic and

organic contaminants that could foul the membrane surface, were shown to be successfully removed

in in these benchscale experiments. For demonstration, RO membrane fouling experiments were
conducted using commercially available 26 €eiameter
treated Woodford Site2 Day-26 35K ppm TDS flowback sample over 24 hours8i0 psig & 25C The

water-flux and saltrejection vs. time profilegor this run were identical to those for a similar run with a

acontrold solution of 35K ppm TDS NacCl in deionized water. This indicated the effectiveness of the
down-selected pretreatedconditions in removal of potential membrane foants.

For Product3 and Product4, various membrane system configurations were evaluated and optimized
via performance modeling with GE Winflows software to increase water product recovery. For a feed
solution composition similar to that obtained after pretreating (lime softened and filtered) S&dDay

26 sample,the identified configurations increased the recovery from 49%or a standard seawater
desalination design to as high as 61.5%. The maximum retatet concentration correspondinglyn-
creased from 68K ppm to 90K ppm TDS for these conditions. The increase in capital costs due ie add
tional pumps, membrane modules, interconnected piping and controls for the new configuration were
more than offset by tte increased waterrecoverywhen the overallFlowback Water Recovery Process
(FWRPwas considered.

Using the information from the benckscale experiments for the various pretreatment steps, detailed
conceptual flowsheets for the treatment processes were ogtructed for each of the Products 4 un-

der consideration. These were evaluated for technical performance, costs and mobility for agptn

feed (frac flowback) mobile rig system. Technical performance evaluation included mass and energy
balances, includhg waste generation and handling. Costs included capital expenses for equipment
and assembly and operating expenses for amortization of capital equipment, rig transportatiand
labor for rig-setup, chemicals, membranes, power, and waste removalThe cat estimations were
based on reliable values obtained either from vendors or internal cost information for the desired
equipment. Mobility included the preliminary assessment of the rig configurations and footprint suit

ble to treat 50 gpm of the frac flowback water.

The Treatment Gst target of <$2/bbl was satisfied for all product optionsin line with preliminary

feedback on customer expectations. Forthe 53¢ pm mobi |l e ri g configuration,
(capitatrelated costs, rig transportation & setup, mainteance) dominated the Treatment @sts at

~75% followed by chemicals & solids waste disposal at 18%, while the sost replacement men-

branes and electrical power were only 2% and 5%, respectively

A valueassessment cost model was developed for the overall FWRP for the Produ8t#-4 that use
RO membrane desalinatiotto compare with the conventional disposaimethod. The conventional dis-
posal cost included transportation of all flowback water and injection i€lass Il SWD wells while the
FWRP cost included treatment costsproduct delivery and remaining concentrate disposal (transpoxt
SWD injection) costsThe sensitivties of the FWRPcost to prevailing concentrate disposal condions
were expressed as fits of Gwr#éCconventional VS. Gisposaiat different feed TDS concentrations. The @c
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nomi cadf foc uEDS i s d @DS coneedtrations whenhGardCeonfergore=d. For Product

4 (500 ppm -obs8Y, TOBi ssocntthe range of 20,000
saline water disposal costs.Thesesensitivity charts thus provide a means of comparing the relative
value of FWRP for a well flowback tremient opportunity based on prevailing disposal costs and aoti
ipated flowback TDS levelsNote that the other drivers, such as penalty avoidance or cost incentives
due to frac flowback reuse due to local regulations have not been considered. In some casthese
non-technical issues may be the economic driver for FWRP.

To increase the ograll system water recovery, a ybrid membrane+ thermal system wasalso consid-
ered. In this approach, the retentate (90,000 ppm TDS) from the membrane system is futhecen-
trated by distillation in a mobile evaporator (such as that introduced by GE Water rece#flyo yield a
distillate with <500 ppm TDS but mre importantly, a concentrate with 280,000 ppm TDS:he Hybrid
system yields higher recoveryfor example,85% for a feed with yF = 35,000 ppm TDS vs. 61% for the
membrane rig alone. However,the Hybrid process costs more than individual process options alone
due to the high fixed costs for such small throughput (50 gpm) system3he sensitivity plots of
CrwriCconventional VS. Gisposaiat different feed TDS concentrations show thédramatic decrease in Gwrp
for the Hybriddue to increased water recoveryThe Membrane alone case is more economical for the
lower GoisposaiCases mainly due tahe lower overall capital costs However, the Hybrid case becomes
more economically attractivefor the high Coisposal (>$5/bbl) shale plays where local SWD sites areadn
vailable, thus leading to higher flowback water transportation costs for the conventional disposal
method.

It is concluded that membrane systems in combination with appropriate pretreatmentdenologies
can provide costeffective recovery of lowTDSfrac flowback water for either beneficial reusén hydro-
fracturing or safe surface discharge.
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1 Project Narrative
1.1 Project Objectives andApproach

Two significant barriers to the development of many shale gas plays are water availability for
drilling and hydrofracturing and disposal options for the water coproduced with gas ("frac
flowback water"). In this project, GE Global Research (GE@&)ated technology that re-
duces the cost of treating flowback water for reise in the hydrofracturing process.

The principal goal of this project wa to define a mobile, coseffective membranebased
process to treat lowTDS frac flowback water for reise as hyrofracturing fluid. The TDS
cutoff for consideraton in this project is < 35,000 45,000 ppm, which is the typical limit for
economic water recovery employing reverse osmosis (RO) type membrane desalination pr
cesses.

The conventional frac flowback water handling process, although quite complex in terms of
the safety and operational logistics, is shown simplified for our purposes in Figure 1. The
flowback water is directed to a sepator to separate the water from the gas and the solid
proppants. The flowback water is stored in interim storage tanksd then trucked to water
disposal sites, typically Class Il deep saline water disposal sig88vD) At initial flowback
rates, typicaly 100~150 bbl/hr, this translates to roughly one truck/hour for the first B)
days of flowback. This has implicatiorfer traffic, road infrastructure and noise pollutioras

well asthe loss of water from useful surface applications.

Conventional Flowback Water Disposal Process

Gas for sales
Interim
Flowback Saline Water
Flowback | Water il Disposal
water Storage [\( o 1\@
b ; —0—0 For deep well injection:
roppan 120 bbl/truck Cown: $1 ~ $3/bbl
Well head Cransport : $2~$20/bl

‘ c:Disposal= CTransport + CSWD ($/ bbl Water) ‘

Figure 1 Simplified frac flowback water handling and disposal operation at a shale gas well site

A conceptual processconsideredin this project for recovering all or part of the flowback av

ter for re-use in hydrofracturing operations ishown in Figure 2. The flowback water reco

ery process (FWRP) is desired to be located physically close to the well operations to minimize

water hauling costs. It includes a mobile unit equipped with the necessary treatment aper

tions to préowiades ro prhoadu cte e t-use irshgdeobractliringe @nlyi ons f or
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a portion of the flowback water may be recovered as product, while the rest may have to be
disposed of either in conventional saline water disposal Class Il wellsiaffurther recovely
by methods suitable for deshnation of high TDS waters (>@000ppm), such as thermal pr

cesses.

Flowback Water Recovery Process foFracRe-use

Gas for sales

Fractional Recovery =X

CTreatment $/ bbl

Flowback
water

Interim

Flowback
Water

[= Flowback Water =
= Recovery Processs=f=

fiproducto

Reuse quality water

Storage

Proppant

Well head

- REuUSe
L .
water site

CDeIivery$Ibe
High TDS reject Saline Water
o Disposal
o o Ford pu' jecti
:$2 ~ $20/bbl Or aeep well injection:
Cransport 2~ $ Cswp:$1 ~ $3/bbl

CRecovery= Cl'reatment

c:Disposal= c:’I'ransport + c:SWD
CFWRF"= XCRecovery+ (1'X) c;iisposal

+ c"tielivery ($/bbl product)
($/bbl reject)
($/bbl flowback)

imagination at work

Figure 2. Conceptual Flowback Water Recovery Process (FWRP) for-tese in hydrofracturing.

The overall cost will depend on the extent of water recovery, x, in the FWRP.

The chief benefits are greatly reduced fresh water consumption, up to 50% less water

transportation related traffic on roads, reduced

impact on the environment.

water disposal costs, and a greatly reduced

2 Budget
Government GE GRC
Budget Perods . costshare | Total costs
Funding
amount
10/1/2008 -8-30-20101 5 G2 075 | § 157018 [ § 785094
100102010 - 33172011 ) & 192768 [ & 38,182 | § 190,961
TOTALS ] 70844 | 5 195211 [ §  &876.055
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COST PLAN/STATUS

Year 1 Year 2
Baseline Reporting 1 | Q2 | Q3 | Q4 1 Q2
Quarter 10/1/'09 - 12/31/'09  1/1/'10 - 3/31/'10 4/1/'10 - 6/30/'10 7/1/'10 - 9/30/'10 10/1/10 - 12/31/'10 1/1/11 - 3/31/11
Q1 [ Totar [ Q2 [ Totar [ Q3 [ Tota [ Q4 Total Q1 [ Total Q2 [ Total

Baseline Cost Plan
Federal Share 131,587 | 131,587 | 132,825 [ 264,412 | 179,065 | 443,477 | 184,598 [ 628,075 | 76,560 | 704,635 | 76,209 [ 780,844
Non-Federal Share 32,897 | 32,897 | 33,206 | 66,103 [ 44,766 | 110,869 46,150 157,019 19,140 | 176,159 19,052 | 195,211
Total Planned 164,484 | 164,484 | 166,031 [ 330,515 | 223,831 | 554,346 [ 230,748 [ 785,094 | 95,700 | 880,794 | 95,261 [ 976,055
Actual Incurred Costs
Federal Share 68,328 | 68,328 | 163,173 | 231,500 [ 149,290 | 380,791 97508 478,299 | 104,443 | 582,742 | 145,448 | 728,190
Non-Federal Share 17,082 17,082 | 40,793 | 57,875| 37,323 | 95,198 24377 119,575 26,111 | 145,685 | 36,362 [ 182,047
Total Incurred Costs 85,410 | 85,410 | 203,966 [ 289,375 | 186,613 | 475,988 | 121,885 [ 597,873 | 130,554 | 728,427 | 181,810 | 910,237
Variance
Federal Share (63,260)[ (63,260)] 30,348 | (32,912) (29,775)| (62,686)] (87,090)| (149,777)| 27,883 | (121,894)] 69,239 | (52,654)
Non-Federal Share (15,815)[ (15,815)] 7,587 | (8,228)] (7,444)| (15.672)] (21,773) (37.444)| 6,971 (30,473)] 17,310| (13,164)
Total Variance (79,074)] (79,074)] 37,935 | (41,140)] (37,218)| (78,358)| (108,863)| (187,221)] 34,854 | (152,367)] 86,549 | (65,818)

Total funding for this program was approximately BMM including a 20% cost share contr
uted by GE Global Researchs seen in Table 1. Quarterly variances in spending were due to
initial non-availability of fracflowback water samplesHowever, these mismatches were fully
accounted for by the end of the program. Table 1 indicates that the program was under
spent by $65K at the end ofMarch 2011 However final report and report-out is anticipated

to bring this nunber to about $20K which is within @ of the original budget amount.

This projectwas organized intosix interrelated tasks including:

)l
)l

= =4 A A

Project Management Plan

Obtain flowback attributes (flow rate and composition profiles vs. time) and define
specificatiors for water reuse

Define conceptual process alternatives for loWWDS water recovery for reise
Evaluate key pretreatment and membrane processes in bengslcale experiments
Obtain benchscale experimental data suitable for process modeling

Develop system performance and cost models for a mobile rig configuration of the
downselected process to determine the commercial feasibility of the overall process
for low-TDS flowback water recovery for reuse.

The project timeline and a task interreteonship chart summarizing the logic that connects
the various tasks are shown in Figurgand Figure4.
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Project Duration
Start: October 1 2009
End: March 31 2011

PY 1 PY 2
Program Activities Q11Q2[Q3]|Q4]Q1|Q2
Task 1: Project Management Plan |
Milestone:|Updated Project Management Plan completed A
Deliverables:| Technology Status Summary O
Quarterly, annual, and final reports. C Q G
Task 2: Obtain Flowback Attributes and Define Feed & Product Specs for water re-use |

Milestones:

Frac flowback water flowrate & composition profiles for 1 or 2 shale-gas sites
available

Specifications for recovered water for re-use as frac water obtained.

Field water samples for bench-scale testing acquired

Task 3: Define conceptual process alternatives for low-TDS water recovery

Milestones:

Potential membrane processes with associated pretreatment technologies
identified

Preliminary process and cost models for alternatives developed

Range of cost estimates for low-TDS water recovery completed

Decision Point:

Go/no-go decision on Low-TDS frac water recovery feasibility (based on
performance/cost assumptions)

Task 4: Evaluate key Pretreatment & Membrane Processes in bench-scale experiments

Milestones:

Pretreatment: test setup, validation and testing with field flowback water
samples

Membrane: test setup, validation and initial testing with field flowback water
samples

Key known membrane foulants in frac flowback water identified and
successfully removed

Decision Point:

Go/no-go decision based on preliminary cost estimates of effective
pretreatment process

Task 5: Obtain be

nch-scale experimental data suitable for process modeling

Milestone:

Experimental data for key pretreatment and membrane processes with field
frac flowback water

Task 6: Develop s

stem performance and cost models

Milestones:|Detailed process configuration modeling for low-TDS water recovery based on
bench-scale experimental data.
Technical feasibility of low-TDS frac flowback recovery process to produce
water for frac re-use
Cost modeling for mobile unit with technically feasible process for low-TDS flow
back water recovery
Determination of #Acut-offo point fo
commercial shale-gas drilling operations.

Deliverable:| Technical report summarizing downselected low-TDS frac water recovery

system configuration and cost estimate including supporting bench-scale
experimental data

Decision Point:

Go/no-go decision on final process configuration to meet performance and cost

targets

r**—’—ﬁ
.
(@l o [l pip]| ME »

Legend: O Deliverable

Ailestone Qtical Path Milestone

Figure 3. Schedule and milestones for the program.
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ﬁ ask4-Evaluate downselected pretreatment h
membrane processes in benchscale
experiments
A Pretreatment: test setup and testing with field

Task2-Obtain flowback attributes and
define Feed & Product Specs for water re
use

. »  flowback water
A Frac flowback water profiles from 1 or 2 AMembrane: test setup and testing with field
shale-gas sites flowback water
A Specifications for recovered water for re A Key known membranefoulants identified and
use as frac water _ Quccessfully removed /
A Field water samples for benchscale testing
Year1H2 Go/no-go:
No Doespretreatment
process remove known
ﬁ ask3-Conceptualize process alternativg membrane foulants,
for low-TDS water recovery & obtain Ye cost-effectively?
initial cost estimates
A Potential pretreatment & membrane Task5-Obtain bench-scale experimental data
processes technologies suitable for process modeling
A Preliminary process and cost models for A Experimental data for key pretreatment and
alternatives membrane processes with field frac flowback
ARange of cost estimates for lowTDS water water
vecovery
YearlH1 Go/nego: ﬁaskG-Develop system performance and co}
Will processes models of low-TDS frac flov_vback recovery
potentially provide _ process for reusein frac
product water suitable A Detailed process modeling based on bench
for re-use infrac? scale t_axpenmgn}gl data _
Does estimated cost Yes ﬁTechnlcaI feaS|b|I|ty_ana|y_S|s_ _
meet cost targets? ]E;(;sstigreog?g;grsgnoblle unit with technically
ADet er mi natdfofnd of o i8I tf|o |
No water recovery process for commercial shale
v Qas drilling operations
END ]
PROGRA Program success:

Does process
configuration of
low-TDSflowback

Proceed to

pilot water recovery
developmen / meet performance
t phase and cost targets?

Figure 4. Task interrelationships and Go/No-go decisions.
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3 Results and Discussions

3.1 Task 1: Project management

This program delivered technical progress reports, one athe end of each quarter of this
project. A Technology Statug\ssessment analyzing the most advanced examples of theopr
posed technology was completed and a report was issuelh. addition, at the end of budget
period (BP) 1 an annual repodn project accomplishmentsfor continuation of funding was
submitted. The team presented work done for the project at th@010 GroundWater Protec-
tion Council AnnuaMeeting, Pittsburgh, PA, Sep 28! and the Canadian Society of Unao
ventional Gas Water Workshop, April 20, 2(*11 Additionally, presentations were made to
potential customers to educate and highlight potential solutions to frac flowback andgsr
duced water recovery.

3.2 Task 2: Obtain Flowback Attributes and Define Specifications for Water
Reuse

3.2.1 Objectivesand Approach
The specific objectives of this task wete:
1 Understand frac flowback operations and estimate the amount of flowback that
quali fi es-TdDS60Ilwawer suitable for recovery vVvia
91 Define performance and cost specifications, and develop the verification of success
criteria for assessinghe water recovery processes considered in this project.
The key activities wer¢o:
9 Obtain frac flowback water attributes (composition and flow rate profiles over time)
T Obtain specifications f orusalforhgddbiractaring. wat er t h.

We reviewedinformation published in open literature, discussedith frac operators, and \4-
ited a frac flowback site to get a better understanding of the actual operation logistics.

There have been several barriers to obtaining reliable information dmetwater chemistry
used for hydrofracturing, flowback attributes, and specifications for the-tese water, inclu-

ing:

1 The water chemistry used for hydrofracturing depends on the geology of the shale
formation and the technology bias/experience of the opetar. Thus, there could be
variation in the water chemistry between different shales, within different sites within
the same shale and between different services companies operating in the same
shale. Moreover, the methods used for hydrofracturing are bgicontinuously p-
dated as the industry tries to optimize operations to maximize gas recovery while
minimizing energy and especially, fresh water usage For example, current research
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on new slicking agents (friction reducers) may allow the use of higisatinity in the
feed water compared to present operations.

91 Information on frac flowback attributes (flow rate vs. time and corresponding water
analysis) is not readily available, as frac operators tend to keep their data proprietary
and confidential. Thes is very limited published data on the flowback attributes for
the various shales.

1 Opinions vary widely on the water quality that may be used for hydfacturing. For
instance, some of the operators insist on using very |elilDS source water to avoid
scaling issues in the downhole pipingwhile others, such asRange Resources, have
reported some success in using a 26,000 ppm Chlorides wateed in the Marcellus
shalet. Some experts feel that water salinity equivalent to seawater, namely ~ 35,000
ppm TDS may be usable for hydrofracturifg Some operators are considering the
use of even salinity as high as 120,000 ppm TDS with low hardness and scalesing
contaminants®. As a practical matter, the relative costs for drilling and hydrofragtu
ing a wellare in the neighborhood of $1million each, while water costs for 100,000
bbls, when available, are in the neighborhood of $25,000. The risks associated with
scalingandwelpl ugging due to ouncleand water wused
be tolerable tomany operators. Hencef iappearsthat the move towards higher TDS
water used to stimulate gas wells is being driven by state and regional water a&ail
bility, the logistics of flowback water transportatiorand disposal costs and alsothe
desire to mitigate negative public perception about water use for hydrofracturing
and groundwater pollution

1 Regulations are being considered by various federal and state agencies on the di
closure of chemistry used for the hydrofracturing process, discharge of flosack wa-
ter, and the reuse of flowback water for hydrofracturing. Until the regulations aré f
nalized, there will be uncertainty on the specifications for the treated water and-di
charge water. This affects the determination of how much of the flowbackater
woul d qualiTiDfSy0 auidladbbwe for membranel-treat men
ogy options useful to treat the frac flowback water to meet the technical specdic
tions, and the overall system cost.

The conclusion fom our survey wa that the specifcation for acceptable reuse issubject to
change in the short-term depending on technology advances that are continuously occu
ring, operator experience and confidence, and upcoming regulations regarding discharge
and re-use.

Nevertheless, we were ableotfind relevant information on the flowback and produced av
ters in the Marcellus, Haynesville, Barnett, Fayetteville and Woodford shedesne of this @-
ta was acquired under nordisclosure agreements and will only be summarized as appropr
ate in the follaving sections.
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3.2.2 Water usage in shale gas exploration
The main uses for water in deep shale exploration are:
1 Drilling, where a mixture of clay and water is used to carry rock cuttings to thersu
face, as well as to cool and lubricate the drill bit.
T Hydrofracturing
deep shale at a high pressure to create snilacracks in the rock and allowgas to
freely flow to the surface.
Typical average usage of water for drilling and frac operatie for the Barnett, Fayetteville,
Haynesville and Marcellus shales, as estimated by Chesapeake Energy Confpaieyshown
in Table 1.

(or

ofraco),

where a miXtur e

Table 1. Water usage (average) per well and water requirements for the various shale plays (as
estimated by Chesapeake Energy)

Wgter used (avergge), bbls/well Wells/year Water
Drilling Fracturing Total MM bbls/year
Barnett 10,000 70,000 80,000 600 48
Fayetteville 1,500 70,000 71,500 250 18
Haynesville 25,000 65,000 90,000 200 18
Marcellus 2,000 90,000 92,000 600 55

According to Chesapeake Energy, a deep shale gas well will produce between 2 and 6.5 Bcf

(billion cubic feet) oveits lifetime.

Thus, the amount of water used to produce the gas

equates to about 0.8 to 1.7 gallons/MMBTU or 19 to 40 bbls water/MMcf of gas (assuming
1,000 scf of gas is equivalent to 1 MMBTU of enefgy)

3.2.3 Definitions of various fluids used in shale gasexploration 8 Fracturing, Flowback/
Produced waters
The fluid that is used to stimulate the shale gas formation during hydrofracturing is generally
referred to as
fracturingoper at i on
some confusion on the strict definitions and differences between the two terms. In comve
tional oil & natural gas fields and in coal bed methane reservoirs, there is aness of water

in the formation that comes up to the surface during oil and gas production. This water has
referred to

tradi

ti

onal ly

OFracturing
i s referred

been

FIl ui
to ei

dé or o@ompl etior
t her as ofl owbac

as Oproduced wat e

ed that approximately 7 bbls of water are producefbr every bbl of ol. However, in shale
gas exploration, typically, most of the water that flows back is the water that was fed during
the hydrofracturing operation.

According to Horrd%, when the flowback volume reaches 100% of the fracturing fluid vaohe,

t [

S

then subsequently
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ducers appears to indicate that the rab-i onale f
duceddé could be any of the foll owing:

1. Financial: Water produced ding the well completion stage is defined as flowback
and the associated costs are part of the well completion budget. When the well is
considered to be under o0gas products-ond6 the
sociated costs are part of the "opeiting" budget.

2. Time: Some companies use a time factor, for example 30 days as the demarcation
bet ween o0fl owbackdé and oproducedo. -Typicall
cantly during this period.

3. Volume: Some producers differentiate based on how i they get back as a pe
cent of fracturing fluid put down into the well. It may be 100% as per the definition
provided by Horf°or | es s, as per the operatords choic
the overall waterflowback could be < 50% of the fracturing fluid used, typically only
25-35% in the first 30 days.

It appears that the financial reason appears to be the most commonly used definition td-di
ferentiate between o0fl owbacko6é and oOoproducedod wat

In any case, for shale gas wells, fromwa flow r
backd& phasieanthalarger (byi 181n0i Of x ) than in the Oproduced:¢
chemical perspective, the produced water has higher concentrations of the various minerals

because of the greater residence downhole, whereas the flowback water may contain higher

amounts of suspended solidsoils, fuels and chemicals associated with the drilling and hgdr

fracturing operations However, for some shales, the chemical characteristics during the

flowback phase may have already approached those at the produced phase of the opéa

(depending on the definition chosen by the operator).

In this report we do not differentiate between the two definitions and refer to all returning
water after a hydrofracturing event aspofl owbac
tions.

3.2.4 Water Chemistry of the fracturing fluids used for shale gas exploration

It is important to know the composition of the fluid used for drilling and hydrofracturing since
the flowback water may contain some or all of these chemicals besides the contaminants
from the soil and shale layers.

Drilling fluids:

The composition of the drilling fluids used depends on the geology of the shale formation and
the technology bias/experience of the operator. Most of the information is held proprietary
and confidential. However, a good summary of the various componenssprovided at the
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DOE NETL websie Relevant information for this project is summarized in Appendix
From the flowback water treatment perspective, the key components that could be cafsi
ered as contaminants during recovery are:

T 6o0i | 6 -hasedmude Theselare most likely diesel. In fact, Bay-1 sample of
flowback water obtained by the teamhas a diesellike odor. Apparently, at somend
cations, after drilling, theequipment are cleaned with diesel, although this practice
may be disconthued in the futurés.

1 olefins, esters, linear alphalefins, poly alphaolefins, linear paraffins, etc. in the sy
thetic-based muds, if used.

Frac fluids:

Fracturing fluids used for fracturing gas shales include a variety of additive components,

each with an engineered purpose to facilitate fractures and the production of gaésee A-

pendix for details)Currently, the trends in shale wells a®® use water based or mixed slik-

water-f racturing fluids. These are water-based fl ui
which allows a fracturing fluid and proppant to be pumped to the target zone at a higher rate

and reduced pressure than by using ater alone. In addition, other additives including dai

cides are utilized to prevent micro-or@ani sm gr c
particular concern are the sulfate reducing bacteria (SRB) as they reduce sulfate ionsyto h

drogen sulfide;H2S causes corrosion in the downhole pipeline and at higher concentrations

(> 4 ppmv) may cause sourness issues with the sales g@xygen scavengers and other at

bilizers which prevent corrosion of metal pipes and acids which are used to remove drilling

mud damage near the wellbore area are also common either in fracturing fluids or as part of

fracture treatments.

Details of the various components in the hydrofracturing fluid anerovided in Appendix.
From the flowback water treatment perspective, dibugh it is expected that some or all of
these additives may be expected in the flowback, no literature reports confirming the gre
ence and concentrations of these additives could be found. It is likely that these compounds
may get chemically, physicallpr microbiologically altered or destroyed during the hydrofca
turing process or become lost in the shale formation. Although some of these additives, such
as guar gel, polyacrylamidesand petroleumdistillates may affect membrane performance

the actualimpact would have to be experimentally determined with flowback water samples.

3.2.5 Flowback Attributes

Information on frac flowback attributes (flow rate vs. time and corresponding water analysis)
is not readily available, as frac operators tend to keep tin@lata proprietary and confidential.
There is very limited published data on the flowback attributes for the various shales. Meve
theless, we were able to find relevant information on the flowback & produced water ditri
utes for the Marcellus, Haynesid, Barnett, Fayetteville and Woodford shalellost of this
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data was acquired under nordisclosure agreements and will only be summarized, as appr
priate in the following sections.

Flowback Flow rates

For the Marcellus shale, Gaudfipnas reported flowback volumes over a period of 14 days for
a few wells, as reproduced in Figure

40%
35%
30% =

N
(3]
X
\
\

20% i
5% [/
10% | // ./
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5/0!./’
el 1 A
012 3 45 6 7 8 91011121314

Figure 5. Flowback from a few wells in the Marcellus shale (Gaudlip et al).

Flowback, % offrac feed
\

We make the following observations:

1 The % recovery, i.e. the volume of water that flows back as a % of the fracturing fluid
fed during the hydrofracturing process is between 19% to 29% at the-t&y mark. A
general rule of thumb is that ~25% recovery is the expected norm in the Marcellus
shale during the initial phase of the flowback, generally regarded as the first 30
dayst.

1 The flowback rate is highest initially and then decreases. This is illustrated in Figure
For the first few days, the flow rates could be in the high range of 2,500 to 6,000
bbls/day (or ~100 bbls/hr to 250 bbl#ft). There is a significant drop off in the flow
rate at or near the 10 day mark to ~ 1000 bbl/day (or ~ 40 bbl/hr), and another sfgni
icant drop at the 30 day mark to ~10aL50 bbl/day (or 4 to 6 bbl/hr). Beyond the 50
day mark, the flow rates are betwee 5 to 100 bbl/day but mostly ~ 10 bbl/day (or 0.4
bbl/hr).
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Horizontal Shale Flowback and Produced Water Rates
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Figure 6 Flow rates vs. Flowback time for a few wells in the Marcellus shale (Gaudl#).
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Horn'0 has reported flowback attributes for a Woodford shale site. Their flow rate data is re
plotted in Figure7. We again observe that the flow rate was ~ 150 bbl/hr for the first 3 days

and then decreased with time. At the @lay mark, the flow rate was ~ 50 bbl/hr.

In this

case, at the 14day mark, only ~34% of the ~95,000 barrels used for hydrofracturing had

been recovered.

Flowback rates,

bbl/hr

Woodford Shale Site flowback
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~
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Figure 7. Flowback rate vs. time for a Woalford shale (re-plotted from the data shown in Horn 10).
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In Figure 8, typical flowrates for the Woodford that were shared by a customer are shown.
We see that the flowrate profiles for two of the wells are similar as in Figure 7 while the
flowrate decreases rapidly for one of the wells.
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Figure 8. Flowrate profiles for frac flowback from three Woodford shales.

FlowbackComposition

For the Marcellus shale, the flowback compositions for a few sites have been reported by
Gaudlig. The composition of a flowback sapte from a Marcellus shaleite is reproduced in

Figure 9.

Catlons mg/L
Calcium (Ca~) 20,463
Magnesium (Mg~} 1,987
Sodium (Na*) 37.063
Iron (Fe™™) 143
Potassium (K7) 296
Barium (Ba ") 203
Strontium (Sr) 2243
Manganese (Mn™) 43
Anlons mg/L
Bicarbonate (HCO3) 100
Sulfate (S04 8
Chiloride (CI') 97,084
mgiL
[TDS 159 541 |
Gases my/l
Carbon Dioxide (COz) 481
Hydrogen Sulfide (H,S) 2

Figure 9. Composition of a flowback sample from a Marcellus shale site (reproduced from Gad-

lip4).
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Although the TDS of ~ 160K ppm of this particular sample is too high for any reversmosis
membrane based recovery processes, there are some interesting observations to be made,
as described below.

9 Thechlorides mncentration at ~97K ppm make up ~60.6wt% of the TDS. Interegtin
ly, this value is remarkably close to the value of 60.8 wt% that we would obtain if we
assume that the TDS were entirely due to NaCl (based on the ratio of molecular
weights, M/Mnaci=35.5958.5 = 0.608). However, note that the Na content in Figure 4
corresponds to only 23.2wt% in the flowback sample vs. 39.2wt%pure NacCl.

M The concentration of t B €a, Mgh Bar SH)cerrespand to ons  ( di
~56K ppm when reported on aCaCO3 basis. The ratio of Hardness (CaC@3 b
sis)/TDS = 56K/160K ~ 0.35. This value is in close agreement with several other data
that we have examined for the Marcellus shale. This ratio varies amongst different
shales with values ranging from 0.2 to 85 depending on downhole soil conditions
and the composition of the water used for hydrofracturing.

1 The source of ptassium is perhaps from KCI added to the fracturing fluid during-h
drofracturing. So, it may be desirable to retain it in the product watwer frac re-use.

1 The Sulfates concentration is low at ~ 8 ppm. This is not surprising since the Ba and
Sr concentrations are so high at 203 and 2243 ppm, respectively. This also implies
that most of the divalents and trivalent ions are present in therfa of chlorides that
have higher solubilities in water in relation to NaCl.

1 The Fe content of 143 ppm may be too high for-gse, especially since it is in the Fe
state, which may potentially get oxidized and form undesired precipitates that could
causescaling.

Gaudligt has also reported on the variation of chloride concentration in the flowback as a
function of flowbacktime, as reproduced in Figre 10. From our general observation noted
earlier of the relationship between Cl and TDS in flowback waters, we may obtain a rough
estimate of the TDS by dividing the @alues by 0.61. From Figure 1@e note that in the
Marcellus shale, the Cl valgerise quickly, as follows:

Cl, ppm Estimated TDS, ppm
Day 5: 20K to 70K 33K to 115K
Day 10: 40K to 90K 66K to 148K
Day 15: 55K to 110K 90K to 180K

From the above data,-TDS&O6olwateverebaverfhepobowss:
TS in flowback) may have limited applications in the Marcellus shale play. However, lve 0
serve from composition data obtained from elsewhere in the Marcellus shale play froom-
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fidential sources, that 1620% of the flowback may be amenable at certain loc&ins with
appropriate water management to isolate the first < 3~5 days of flowback water.

Chlorides Concentration vs Flowback Time
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Figure 10. Variation of flowback composition with time for a Marcellus shale site (reproduced from
Gaudlip)

For aHaynesville shale site,Kaufman et al®> have described the flowback composition. The
data for the sulfates and B&Sr compositions plotted as a function of the cumulative fie
back volume are reproduced in Figurél. We observe a sharp transition at ~ 11,000 bbls
when the Ba/Sr oncentrations increase to cause a precipitous drop in Sulfate conceamr
tions.
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Figure 11. Variation of Sulfates and Ba/Sr concentrations as a function of flowback volume for a
Haynesville shale
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For theWoodford shale, Total Dissolved Solid (TDSgoncentration profiles for a few wells are
shown in Figure 12. We observe that the concentrations increase from nearly zero initially to
between 15,000 ppm to 35,000 ppm over the next 15 days.

TDS in Flowback Waters

0 5 10 15
Flowback Time (days)

Figure 12. Total Dissolved Solids (TDS) concentration profiles fi
flowback waters from a few Woodford shale wells

3.2.6 Summary of the flowback attributes

FIl owback water is not a uniform oraw material 0 f
physical and chemtal properties of flowback water vary considerably depending on theg

ographic location of the shale play, the geological formation, and the chemicals introduced

during the drilling and fracturing operations. Flowback volume and water properties vary

throughout the lifetime of the well.

3.2.7 Flowback volumes amenable todLow-TDS me mb-recovenry
Flowback waters with composition in the <45,000 ppm range are highly amenable for ec
nomic recovery using R@ased membrane recovery systems.

The initial flowback tyjcally has low enough salinity to qualify for recovery via the methods
that were investigated in this project. However, as noted earlier, the TDS levels increase with
flowback volume, and the rate of increase depends on the shale formation, the TDS of the
water used for hydrofracturing, etc. Based on our survey of available literature information,
the salinityranges of the flowback waters from the various shales are shown in TableTBe
average values represent a combined mean for flowback from a welhile the maximum
could be an instantaneous value. Notiat the actual values will vary widely from the nm-

bers given here depending on the well location, chemistry, etc.
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Table 2. Salinity of the flowback waters from various shales expressed in terms of Total Dissolved

Solids (TDS).
Shale Average TDS, ppm | Maximum TDS, ppm
Fayetteville 13K 20K
Woodford 30K 40K
Barnett 80K >150K
Marcellus 120K >280K
Haynesville 110K >200K

The extent of applicability of our lowIDS recovery approach for the various shales would be
~100% of the flowback from the Fayetteville and Woodford shales. In the Barnett shale, by
selectively diecting the flowback from the first 5 days, ~3@0% of the flowback may be
amenable to the LowTDS recovery (note, however, that this recovery process may not be
considered at all since deep well disposal is easily available and so cheamless water
availability may be an issue due to drought conditions). In the Marcellus shale, overall, only a
small fraction (<10%) of the flowback may be amenable t@mw-TDS recovery; however, 10
20% of the flowback may be amenable at certain locations with appropriateater man-
agement to isolate the first 3~5 days of flowback water. In the Haynesville shalge to the
high TDS salinity and the availability of saline water disposal sites in East Texase tis Im-

ited scope for membranebased frac flowback recovery.

3.2.8 Flow volumes & flow rates
The amount of frac fluid used depends on the type of well, the geographical location apd o
erator bias/experience:

Well type Range Mean
Vertical 11,0006 90,000 bbls 40,000 bbls
Horizontal 70,0000 190,000 bbls 100,000bbls

Flow rates during flowback typically show the following characteristics as a function ofwfto
back time:

Time Flowback rate Flowback recovery, % frac fluid
1-5 days: 100-150 bbl/hr 10~ 25%

5-15 days: 20 660 bbl/hr 8~12%

15-30 days  5-10 bbl/hr 1~5%

30-90 days: 10 bbl/day 1~2%

%flowback after 90 days: 25~40%, but could be higher in certain wells.

However, it is important to note that there is considerable variation in the flow rate profiles
during flowback, and the water recovery cleanugystem needs to be robust to these flow
fluctuations.
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3.2.9 Frac site visit

We visited a frac site in the Baett shale in Fort Worth, TX area to get a fireind under-
standing of the flowback operations and the watehandling logistics. Due to safety ¢
cerns, we could not visit this site during the hydrofracturing procebsit our visit happened
immediately after t hej oobfor acnd whil e the well sewvices cr
back. We also visited a saline water deep well injection site in the Cleburn, TX area. In Figure
13, the photograph shows a saline water disposal (SWD) welllacated with three hydo-
fractured wells producing gas. At this site, the saline water was being disposed into the E
lenburger formation that was below the shalgas formation layer. One of the remarkable
impressions of these site visits was the general cleanliness of the opinaal sites once the
flows were established.

Figure 13. Photograph shows a saline water disposal (SWD) well ctocated with three hydrofractured wells
At this site, the saline water was being injected into the Ellenburger formation that is below the

shale-gas formation layer.

3.2.10 Flowback samples

It had been challenging to obtain water samples from fraftowback, as frac operators prefer

to keep the information proprietary and confidential. After several months of trying, we were
fortunate to obtain flowback samples from two wells in the Woodford shale in Oklahoma.
The well was hydrofractured in miMarch, 2010. For client confidentiality reasons, the ssu
tomer and sites will not be identified in this report. The sample collections from the sites were
as follows:

1 Sitel: We coordinated with the customer to collect water samples during the initial

flowback.
o Daily Lliter samples were collected fronbay-1 through Day-14
0 One 55gal drum fromDay-1. This is rlaeloéredmploeas 0Si

o One 55gal drum containing a composite of several daily samples. Thisds r
ferred tlo CompmSiilldtee 6 s amp
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1 Site-2: One 55gal drum of sample was collected on th®ay-26 after flowback had
started. Thi s -2Day-2606e fsearmpelde .t 0 as 0Site

In the sections below, the variation of frac flowback flow rate and the concentrations of the
various componens/contaminations in the above mentioned flowback waters are discussed.

3.2.10.1 Flowback rate profile

The profile for the flowback rate for Days-14 at Sitel is shown in Figurel4. We observe
the highly varying nature of the flowrate profile on an hourly basis. Over the first 11 days, the
flowrate is approximately constant at about 120 +/15 bbl/hr. BeyondDay-12, the flowrate
appears to decrease with time. Interestingly, the flowrate profile dtis Sitel is different
from the profiles shown in Figures 7 and 8, also for wells in the Woodford shale, whettein
flow rate drops steeply over the firsiO days of flowback from ~150 bbl/hr initially to ~ 50
bbl/hr. This illustrates one of the key issues with frac flowback water treatment, especially for
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Figure 14. Profiles of the flowback water rate and water temperature are plotted vs. flow-
back time for the Site-1 in Woodford shale.
an on-site mobile rig that will have to be robust to such varying flow profiles not only at the
same frac sites but also that anticipated across different frac sites, although in the same
shale geology.

3.2.10.2 Flowback Temperature:

In Figure 14, the temperature profile for the flowback water from Sileis also plotted. We
note that the temperature is about 18°F. The flowback water temperature varies across
frac sites and with time. Water from deeper wells tesdo have higher temperatures. Also,
the temperature is higher initially when the flowback rates are highest and graduallg-d
creases with time. Thiselationship is apparent in the flow rate and temperature profiles in
Figure 14.Thisaspect of the flowbackhas implications on the choice of process technologies
and design of onsite mobile rigs to make them robust to varying temperatures; alternatiye
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we may need to install adequate heat exchange equipment if the chosen treatment proses
es have limited temperature operating ranges.

3.2.10.3 Flowback Water Composition

The water samples were analyzed at the GE Water Analysis Lab, Woodlands, TX, employing
standard techniques used routinely for analysis of frac flowback and produced waters. The
compositional data for the various components of interest are shown below in Figudds23.

Total Dissolved Solids (TDS)

The TDS values for Woodford Sites 1 and 2 aretf@d in Figurel5. The TDS profile for Sife
Days 114 was surprising. Th®ay-1 sample had ~ 38,000 ppm TDS and the value climbed
up to ~ 85,000 ppm TDS oRay-14. This is in contrast to all the other data we had seen from
customers in the Woodford kale, wherein the general trend showed that the TDS afieay-

14 was between 10,000 and 38,000 ppnas seen in Figure 1anterestingly, theDay-26 sam-

ple from Site2 had ~35,000 ppm TDS, which is in agreement with the general trend. Hbrn
has reported a value of ~13,800 ppm TDS for a Woodford shale site flowback water. It is not
known why the Sitel flowback shows such elevatedevels of TDS.
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Figure 15. Concentration profiles for Total Dissolved Solids (TDS) for the two Woodford frac sites.

Total Suspended Solids (TSS)

These are fine particulates of inorganic, metallic or organic materiaigpically < 5 um in size.
They can also be colloidal in nature. The TSS measurement is conducted by passingdhe w
ter sample through a 1.0micron filter and weighing the residue materiahfter drying. Tu-
bidity, measured and reported in NTU unitsefers to the transmission (or lack of) of light
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through a water samples. Turbidity may be influenced by the suspended solids and alde co

or of the sample.

In Figurel6, the TSS and Turbidity profiles for the Woodford Sites 1 and 2 are plotted. We

note thatthe TSS generally decreases as a function of floack time for Sitel flowback from
as high as ~825 mg/l onDay-1 to below detection. Interestingly, th&ite-2 Day-26 sample
also had low TSS values. Many of the produced waters (late flowback) obtaineh other
shales also typically show very low TSS values.

The Turbidity values, however, show a changing profile as a function of flowback time for the
Site-1 flowback. This observed change in Turbidity (NTU) measurements may be influenced
by the samplecolor. TheDay-26 sample from Site2 shows a value of ~ 300 NTU, which is in

the range of the values measured for the Sitd Days 114 flowback.
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Figure 16. Concentration profiles for Total Suspended Solids (TSS) and Turbiditgrfthe two Wood-

ford frac sites.

Organics:

The organic content of the flowback waters as measured by two techniques, namely via

Ohexane

gives a measure of the components thaare hexane soluble and is a good indicator of the
free Oil & Grease content of the frac flowback water. The TOC measures the amountrof co
bustible organic carbon present in the frac flowback water and is an indicator of dissolved
and undissolved organicsincluding nonvolatile and volatile compounds. Chemical Oxygen
Demand (COD) is typically also mentioned in such water analydesvever, the presence of
high amounts of chlorides interferes with this test and gives inaccurate results, and hence is

not reported here.

extractionod

34

and

by Tot al

GE Global Research

Organi c

Car bon



The profiles for the Hexane Extractables and TOC for tlewthack waters for the Woodford
Stes 1 & 2 are plotted in Figur&?7. For the Sitel flowback over Days 114, we observe high
initial values for Hexane Extractables followed by a shpadecrease over the next few days.
The values are below detection beyonBay-10 for Site1l which also corresponds to neglig
ble value for theDay-26 sample from Site2. TheTOC profile for the Sité Days 114 sam-
ples also show a high initial value of~ 180 mg/l for Days 1 & 2 followed by a sharp decrease
over Days 3 & 4but then increases to a value of ~ 30 mg/l over the next few days. The value
for the Day-26 sample from Site2 is ~ 18 mg/l. It is likely that the Si2 flowback may have
gone through a similarly varying profile before settling to a steady value.
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Figure 17. Concentration profiles for Hexane Extractables and Total Organic Carbon for the two
Woodford frac sites.

It is likely that the nature of the organicompounds changes over the flowback period. The
data for the initial flowback may be reflective of the compressor oils, diesels and frac cikem
cals presentimmediately after a frac operation, while the data for the subsequent flowback
may be reflective & mor e natively present organics
more water soluble.

Hardness:

Potential scaleforming ions, such as divalent and trivalent cations, such as Ca, Mg, Al, Ba, Fe,
Mn, and Sr, and divalent anions, such as sulfatesh@ carbonates, need to be measured &
monitored.

The Total Hardness estimated from the concentrations of the individual potential seale
forming ions and reported in terms of ppm CaCO3 is shown in Figure 18. We observe that
for the Sitel Days t14 flowback, the values climb from an initial ~ 4,000 mg/l CaCO3 to ~
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14,000 mg/l CaCO3 bpay-14. By contrast, theDay-26 sample from Site2 shows a signif

cantly lower value of ~ 2,000 mg/l CaCO3.

In Figure 19, the Total Hardness is plotted as a function of thBS in the water samples for
the two Woodford frac sites. Interestingly, we observe the Total Hardness showing an almost
linear relationship to the TDS. Hd¥has reported a value of 1163 ppm Total Hardness for a
Woodford shale site flowback water containing~13,800 ppm TDS.
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Figure 18. Concentration profiles for Total Hardness and Alkalinity for the two Woodford frac sites.
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Figure 19. Plot of Total Hardness (mg/l CaCO3) vs. Total Dissolved Solids (TDS) for the various frac
flowback water samples collected from the two Woodford frac sites.
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In Figure 20, the contributions of Ca and Mg to tfi@tal Hardness are further elucidated for
the flowback waters from the Woodford shale sites. We observe that for the SitBays 114
flowback, nearly 98% of the hardness of the initial flowback is due to Ca & Mg, while this va
ue decreases to ~ 95% fomter days. For théDay-26 sample from the Site?2 flowback, Ca &
Mg contribute to only 91% of the Total Hardness.

16,000

|
Site-1 Days 1-14 | Site-2
Day 26
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8,000
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2,000 i
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Woodford Site-1 Flowback Days 1-14

m Other "hardness" metals
O Magnesium Hardness, as CaCO3, ppm
@ Calcium Hardness, as CaCO3, ppm

Hardness (as CaCO3), mg/l

Figure 20. Profiles for the contributions of Calcium, Magnesium and Others (Fe, Sr, Ba)
terms of mg/l CaCO3 fa the two Woodford frac sites.

Interestingly, when the Chloride levels are plotted against the T@S,shown below,we
observe a linear correlation with slope of
0.618, which is remarkably close to the
value of the value of0608 that we =
would obtain if we assume that the TDS
were entirely due to NaCl (based on the _ 5w
ratio of molecular weights, MCI/MNaCl £ «ax
=35.5/58.5 = 0.608). Howevartote that o
the flowback samples containvarying 20000
amounts of the other cationic species "™
besides Na. Such an observation wa . 100w 20000 30000 40000 50000 €000 70000 0000 90.000
made earlier with regard to Figure Jor TOS, ppm

data from the Marcellus shale.

90,000

+ Site-1 Days 1-14
® Site-2 Day 26
—Linear (Site-1 Days 1-14)

80,000
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Barium, Strontium and Sulfates:

Ba as a contaminant is a concern as in many plays the Ba levels are too Highfrac reuse
due to scaling concerns Since BaSO4 has very lowlability, when Ba++ concentration is
high, SO#& concentration is low, and viceversa. This iapparentin the profiles for Ba, Sr and
SO4 for the twowoodford frac sitesseenin Figure 2. We also observe that the Ba conoe
trations increase from ~3 pm initially to ~ 68 ppm on Dayl4 for the Sitel Days 114 flow-
back while the Site2 Day-26 flowback sample has only ~ 30 mg/l. Hothhas reported a v

ue of ~38 mg/l Ba for a Woodford shale site flowback water. By contrast, some areas in the
Marcellus shale may have even as high as 6,000 mg/l Ba.

500 -
450 +— Site-1 [ /‘/‘ Site-2 — |
400 ——Days 1-14 Day 26 —
350 < /\J

300 /
250
200
150
100

50

Sr

Sr, SO4, ppm

0 5 10 15 20 25 30
Flowback time, days

Figure 21. Concentration profiles for Barium, Strontium and Sulfate for the two Woodford frac
sites.

The Strontium concentration increases from ~ 70 ppm initially to ~ 480 ppm Day-14 for
the Sitel Days 114 flowback while the Site2 Day-26 flowback sample has only ~ 174 mg/I.

The Sulfate concentrations decrease from ~ 100 mg/l initially to below detection beydaly-
10 for the Sitel Days 114 flowback, while the Site Day-26 flowback sample has negligible
concentration.

Iron, Manganese and Boran

Fe?*is a concern as it may oxidize to form Fg which may readily form precipitates with va
ious anions. SimilarlyMn may oxidize to form precipitates. The concentration profiles for Fe,
Mn and B are plotted in Figure2for the two Woodford frac des.
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We observe that the Fe concentration for the Site Days 114 flowback is initially ~30 mg/I
but decreases to ~ 10 mg/l over the next few days before rising to ~40 mg/| bgy-14. The
Site-2 Day-26 flowback water contains ~ 72 mg/l Fe. This is imgant since the product
specifications for frac reuse water require <10 mg/l Feas discussed later

We observe that the Manganese concentration for the SifeDays 114 flowback is ~ 1 mg/I
similar to the Site2 Day-26 flowback.

We observe that the Boron concentration for the SH2 Days 114 flowback is initially ~10
mg/l and increases to ~18 mg/l byDay-14, while the Sitel Day-26 flowback water contains

~ 28 mg/l. Boron removal may be a concern if the product watersurface discharged but
may not be an issue for frac raisein slickwater hydrofracturing (however, B levels are tightly
controlled in gelbased hydrofracturing)

100 :
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90 Days1-14~ | Day26 |
80
70
£
o 60
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Figure 22. Concentration profiles for Iron, Manganese and Boron for the twoWoodford frac sites.
Silica:

Silica may be present in the flowback water either as colloidal silica or reactive silica; the la
ter is of concern as a potential foulant for ded@mation membranes. In Figure2, the concen-
tration profiles for both of thesespecies are plotted as a function of flowback time for the two
Woodford frac sites. We observe that there is some variation in both meesuents of silica
for the Sitel Days %14 flowback with the values beveen 20 and 70 mg/l:the silica conce-
tration for the Sitel Days 114 flowback is initially ~60 mg/l but decreases to ~ 20 mg/l over
the next few days before rising to ~70 mg/l total silica and ~55 mg/I retaee silica by Dayl4.
The Site2 Day-26 flowback water contains ~ 120 mg/l total silica and-60 mg/l reactive sit
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ca. Removal of colloidal silica may occur during removal of suspended solids but removal of
reactive silica is important to prevent RO/NF membrane fouling.
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Figure 23. Concentration profiles for Total and Reactive Silica for the two Woodford frac sites.

NORM:

Normally Occuring Radioactive Material (NORM) levels were not measured for these samples.
Examination of some of the lowTDS waters from the Woodford shale reveal NORM values in
the range from <20 to500 pCi/L. These are very low compared to values in the Marcellus
shale (reported at ~ 10,000 pCi/L. The treatment of NORM containing waters is being specif
cally addressed by GE Global Research under contract with Research Partnership to Secure
Energyfor America (RPSEA) (RPSEA 08&2orincipal investigator, Dr. James Silva). Thke r
sults from that project, when available, will be incorporated into this project.

Composition analysis for the drum samples.

The compositions of the three 5%al drums obgined from the Woodford shale sites are
listed in Table3. Photographs of vials containing these samples are shown in Figure 24.

The 33,800 ppm TDS of the SifeDay-26 sample was in thedesiredrange for the evaluation
of ROtype membrane processes for desalination and was used for membrane fouling étu
ies in Task 4 and 5Although the TDS values of the i@ samples obtained from Sitel were
too high for the consideration of R@ype membrane pocesses for desalination, the samples
were useful for the benchmark evaluation of pretreatment processes for the removal of ot
er undesired componentsn Task 4
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Table 3. Compositions of the three 55gal drums obtained from the Woodford shale that were
used for bench-mark testing in Tasks 4 and 5.

Site-2 Site-2 Site-1
Components Day 1 "Composite” Day 26

Specific Conductance, at 25°C, pumhos 51,100 71,125 54,200
Alkalinity, "M" as CaCO3, ppm 641 381 495
Sulfate, as SO4, ppm 134 104 35
Chloride, as CI, ppm 23,900 21,000
Hardness, Total, as CaCO3, ppm 5,170 5,838 2,310

Calcium Hardness, as CaCO3, ppm 3,910 4,260 1,240

Magnesium Hardness, as CaCO3, ppm 1,180 1,348 855
Barium, Total, as Ba, ppm 3 30 33
Strontium, Total, as Sr, ppm 70 186 174
Iron, Total, as Fe, ppm 24 22 73
Sodium, as Na, ppm 14,100 14,600 19,100
Potassium, as K, ppm 301 436 340
Manganese, Total, as Mn, ppm 0.7 1.3 1.3
Phosphate,Total, as PO4, ppm 12 12
Silica, Total, as SiO2, ppm 67 47 120
Silica, Reactive, as SiO2, ppm 63 44 59
Solids, Total Suspended mgl/l 841 277 | n/a
Solids, Total Dissolved, mg/l 39,100 59,475 33,800
Boron, as B, ppm 10 13 28
Carbon, Total Organic, as C, ppm 187 42 17
Turbidity, NTU 367 143 297
Hexane Extractable Material, mg/I 149 14
Frac Flowback Water Sampling Ao Hok Woodtord samles

APreston Nelms- Fayetteville sample
AMark Wilson & Todd Langford

Woodford shale Sitel Days 114

Woodford shale
Site2 Day 26

typ|ca| T bott o mé
of barrel

Figure 24. Photographs of vials containing frac flowback samples from Woodford shale Site1
Days1-14 and Site 2 Day-26.
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3.2.11 Specifications for the frac flowback water recovery process

3.2.11.1 Conventional Frac Flowback process

The frac flowback water handling process, although quite complex in terms of the safety and
operational logistics, is shown simplified for our purposes in Fig@® The flowback water is
directed to a separator toseparate the water from the gas and the solid proppants. The
flowback water is stored in interim storage tanks. The water is trucked to water disposal
sites.

Conventional Flowback Water Disposal Process

Gas for sales
Interim
Flowback Saline Water
Flowback | Water ) Disposal
g i
water Storage L@\ 1[
T For deep well injection:
Proppant 120 bbl/truck Cawp: $1 ~ $3/bbl
Well head C[ransport : $2~$20hbl

‘ CDisposal= CTranr::port + CSWD ($I bbl Water) ‘
Figure 25. Simplified frac flowback water handling and disposal operation at a shale gas well site.

3.2.11.2 Conventional water disposal
Flowback water may be dispasd of by various means including:

91 Deep well injection: Disposal in Class Il saline water injection sites has been the most
common and sometimes the only means dfisposal of the highTDS flowback and
produced waters. This has been especially true in the Barnett shale where sugh di
posal sites are available locally and the cost of disposal is relatively cheap at $1
$3/bbl. However, such deep well injection siteseafew in the Marcellus shale (West
Virginia, Pennsylvania, New York), and hentere is aneed to transport the flav-
back waters to sites in Ohio and Indiana. The costs of such long distance hauling by
trucks are in the range of $4$19/bbl. An independnt operator in the PA area inid
cated that his disposal costs were ~$8/bbl. In the Fayetteville shale (Arkansas) it can
cost upwards of $6 per barrel to transport and dispose of water in an independently
owned disposal well. For the Woodford shale (Oklahoma), the trucking costs ase e
timated at $3.71/bd and disposal between $42/bbl°.

1 Surface water discharge: Until recently, this mode of disposal was used in the-Ma
cellus shale in the PA area. H2EP 25 regulations enacted in August 201itnit sur-
face discharge from Oil & Gas operation® less than 500 ppm TDS (among other
specific constituents such as Chlorides, Sulfates, Barium and Strontium).

1 Land farm use: This was used until recently in the Fayetteville shale in Arkanlaas
there are restrictions to such use Waters cannot be land applied when the ground
is saturated, frozen, or if precipitation is imminent. In order for water to be applied to
the surface under land apptiation permits, it must have a chloride concentration of
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less than 5,000 parts per million (ppm) and comply with a Sodium Adsorption Ration
(SAR) specifications. If chloride content is less than 1,500 ppm, water can alsoibe ut
lized on roads for dust supmssion. If chloride concentrations exceed 5,000 ppmsdi
posal in approved disposal wells is required.

3.2.11.3 Frac Flowback Recovery Process

A conceptual process for recovering all or part of the flowback water foruse in hydrofrac-

turing operations is shownn Figure . The flowback water recovery process (FWRRjref-

erably located physically close to the well operations to minimize water hauling costs.nit i

cludes a mobile unit equipped with thed-necessar
uct 6 thabneets specifications for reuse in hydrofracturing. Only a portion of the flo

back water may be recovered as product, while the rest may have to be disposed of either in
conventional saline water disposal Class Il wells wia further recovery by mehods suitable

for desalination of highTDS waters (> 70,000ppm), such as thermal processes.

Flowback Water Recovery Process for Frac Re-use

Gas for sales Fractional Recovery = X

Interim —_
Flowback| Flowback Flowbhack Water “product” N Re-use
Water Recovery Process Re-use quality water T\ woter site
Storage C petivery $/bbI
well head High TDS reject Saline Water
s Disposal
o) posal _ _
Coromsport ~ $2 - $14/bb1 i A v
S
C y=C + Coptivery {$/bbl preduct)
cDi-wml = cTh-wrt + Cowo ($/bbl mjﬂ:ﬂ imagination at work
Crump= X C, y+ (1-X1 C {$/bbl flowback)

Figure 26. Conceptual Flowback Water Recovery Process (FWRP) foruae in hydrofracturing.
The overall cost will depend on the extentof water recovery, X, in the FWRP.

3.2.12 Technical specifications for recovery for frac re-use
1. Product composition:

The contaminants of interest in the frac flowback water for mitigation and their impact on
water re-use for hydrofracturing are shown in Figurg?7.
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Frac Flowback: Key Contaminants

Impact for re-use

:;'.:_ ::E_E=- . } plugging

-

(S .
1

\  Fluid stability

i
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= Scaling

SIETEtes >
g count ¥ Bacterial growth
M ey ® T Rodioactivity

Figure 27. Key contaminants in frac flowback water and their impact on re-use in hydrofracturing.

Opinions vary widely on the water quality that may be used for hydrofracturing. For instance,
most of the operators currentlyinsist on using very lowl'DS source water to avoid scaling
issues in the downhole piping. Some well operators, such as Range Resources, have reported
success in using up to 26,000 ppm Chlorides in the Marcellus sHaleln fact, Range &
sourcesand Chesaeake reported at the 2010 GWPC Conference, Pittsburgh, that they
presently reuse ~100% of early flowback water in the Marcellus shale by blending with fresh
water (TDS<500 ppm) in subsequent hydrofracturing operatior&ome experts feel that -

ter salinity equivalent to seawater, namely ~ 35,000 ppm TDS may be usable for hydmfra
turing®. Some operators are reportedly even considering the-use of waters with salinity as
high as 120,000 ppm TDS with low hardness and scai@using contaminants’, but we ca-
sider these to be highly speculative at the present moment as these may be applicable to
specific situations where blending with a majoritgf very lowTDS source water may bera
ticipated before frac use.

To develop specifications for frac reise water, we evaluated the limited information avail
ble in literature and spoke to frac operators. The data provided by Range Resourgeses
one benchmark for reuse specifications. This is reproduced in Figu28 and provides a
good understanding of a practical application. Apparentlyhe frac flowback waters from a
Marcellus shale well site were blended with fresh water to create a frac fluid with the repor
ed characteristics, which was successfully used for hydrofracturing at another site.
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Parameter Conventional Limits Blended Marcellus Water Considerations

pH 6.0to 8.0 8.1 Fluid Stability, Scaling
Chlorides <20,000 mg/L

Ca, Mg, Ba, SO,, CO;, ... f(P.T,pH} (+/- 350 mg/L)

Bacteria Count <100/100 mL

Suspended Solids <50 mg/L Skin

Qil & Soluble Organics <25 mg/L 4.6 mg/L Fluid Stability

Figure 28. Summary of chemical characteristics of the waters used in conventional and blended
Marcellus waters used for hydrofracturing by the Range Resources Company).

A specification for reuse frac water apparently developed with data supplied by Halliburton
and XTO Energy are provided in Table

Table 4. The following specifications for re-use frac water in the Marcellus shale were apparently
developed!® with data supplied by Halliburton and XTO Energy

Parameter Range
maximum scale formers* 2,500 mg/l as CaCO3
maximum dissolved solids | 50,000 mg/I

maximum iron 3.5 mg/l
maximum calcium 250 mg/I
pH range 6.5t07.5

* scaleformers are generally considered to be aluminum, barium, calc
um, iron, manganese, and strontium

Moreover, the methods used for hydrofracturing are being continuously updated as the i
dustry is trying to maximize gas recovery while minimizing energy aespecially, fresh water
usage. For example, current research on new slicking agents (friction reducers) may allow the
use of higher salinity in the feed water compared to present operations. Regulations age b
ing considered by various state and federal a&pcies on the disclosure of water chemistry
used for hydrofracturing, discharge of flowback water, and the nase of flowback water for
hydrofracturing. Until the frac industry has honed in on their requirements, there will be u
certainty on the specificéions for the treated water and discharge water. This affects the
determination of how much of the flowback water would be treatable, the choices of tec
nology options applicable and the overall system costhe conclusion from our survey was
that the specifications for acceptable rase are subject to change in the shddrm.

Based onthe feedback from hydrofracturing operators, it was realized that the team needed
to update the product water scope fronthe one product with 20,000 ppm TD8riginally pro-
posedto potentially four alternative products with varying levels of purification:
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1. Product-1: Clarified only (removal of suspended matter, free oil & grease, Fe, ard m
crobiological contaminants),

2. Product-2: Softened and Clarified (removal of hardneg&ms, namely Ba, Sr, Ca, Mg
besides the purity specs for Produst),

3. Product-3: Partially desalinated to < 20,000 ppm TDS (besides the purity specs for
Product?2), and

4. Product-4: Substantially desalinated to < 500ppm TDS (besides the purity specs for
Praduct-2).

These product options and the associated target contaminants for removal are shown in
Figure29.

Frac Flowback Recovery: Product Options
Product options

Clarify Product-1

Suspendedsolids Clarified only
Flowback Free Oil & Grease (for frac re-use)
water | Bacteria m
Colloidal organics* Ba St
Dissolved Organicg '
v Ca, Mg Product-2
1 Sulfates Softened (for
: frac re-use)
Solid waste " Desal
for disposal " Product-3
Concentrate Na, Cl, Desalinated
"""""" K.Ca Mg,
I SO, (for frac re-use)
: organics
_________________ T
Concentrate Product-4
To Disposal <500ppmTDS
for surface
discharge

Figure 29. . Product Options for frac flowback water recovery. The target contaminants are listed
for each process step in the respective boxesThe target contaminants to be removed in each pro-
cess step are indicated inside the boxes.

The specifications for the products under consideration are shown in Fig@@ It should be
noted that asthe shale gas industry is continually evolving in terms of the water quality used
for hydrofracturing, the specifications are based on currently best available information from
operators and published literature. The first three product waters would beitable for re-
use in hydrofracturing while Produe#t would also be suitable for surface discharge. It should
be noted that the product quality requirements increase as we consider Producthrough
Product4, both in terms of the number of target contamints as well as the extent of their
removal. For example, dissolved organic contaminards levels< 50 ppmmay not be as
much of an issue with Produell and Product2, namely Clarifieeonly and Softenedonly,
respectively; however, these contaminantst levels>10 ppmmay be foulants for the desal
nation membranes that would be used to produce Produ@ and Product4.
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Requirements

for

t

”Conv?ntlonal Conventional * . * * "Desal *"Desal water"
fresh" source - Clarified Softened N
. frac fluid " . water product for
Parameter Units water before L product” for re-| product” for re- R
. after additive product for agricultural
additive K use use -
. blending frac re-use discharge
blending
Total Dissolved Solids mg/L <500 <1000 NR NR <20,000 <500
Total alkalinity mg/L ~ 50 ~50 <600 <600 <600 ~ 50
Hardness as CaCO3 mg/L <150 <150 NR <2000 <2000 See SAR
Total suspended solids mg/L <2-~10 <50 <50 <50 <50 <2~ 10
Turbidity NTU <4 <250 <100 <100 <100 <4
Chloride mg/L <50 <100 NR NR <12,500 <50
Iron mg/L <4 <10 <10 <10 <10 <4
Qil & soluble organics mg/L <10 <400 <50 <50 <50 <29
Sulfate mg/L <25 <25 <125 <25 <25 <25
Total Phosphorus mg/L ~0.1 0.1~5 NR NR NR <5
Bacteria Count #/100mL <100 <100 <100 <100 <100 <100
pH 6.7-7.4 5.2-8.9 6.5-8.5 6.5-8.5 6.5-8.5 6.7-74
SAR NR NR NR <12
Temperature C NR NR NR ambient

* Best available specifications from few operators and published literature. Actual values may vary
depending on shale formation, local regulations and operator preferences.

Figure 30. Specifications for the various Product Options described in Figure 29.

Note that due to addition of the various chemicals for friction reduction, etc. (see Appendix
for details), there is a net increase in the TDS and other components in the frac fluid relative

F

to the source water as seen in Figure 30 for theompositions of the frac fluid before and &

ter addi

ti

vV €S

bl

end

ng

for

Figure28. We felt that it was prudent to take a conservative approach.

2. Extent of product recovery

The extent of recovery of the produawater (fit for frac reuse), xjs defined as:

For Productl and Product2 in Figure 29 that involve only processes such as filters, clarifiers,

_ Volumerecovereavater

X =
Volumeflowback water

Alsaocthee rspedfinatiansion a |
Product3 appear to be roughly half of the Chlorides and TDS reported by Range Resources in

sorbents, and precipitationequipment, the water recovery is typically >90%r higher de-
pending on the efficiency of the sludge handling methods employed.

However, he extent of product permeate recovery in membrane desalination processes is
limited by the feed water compositiorfincluding salts, hardness ions, silica, organics, gtthe
pressure limitations of the pumping equipment used and the membrane aravailable. As

water permeates through the selective membrane inside the permeator module, the conee
tration of salts and other noapermeable components, such as silica, organics, etocrease

in the retentate. This results in the need for a greatergssure drop across the membrane

for reasonable permeate production rates, and also increases the potential for precipitation

of insoluble salts, such as CaCO3, CaS04, BaS04, SrS04, etc. and fouling of the membrane by
reactive silica and other contaminants Typically, for economically viable sea water desain

tion, the upper limit on the concentration of the retentate in RO processes is about 70,000
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ppm d the actual value will depend on the concentrations of the other ions, silica and other
components.

In Figure31, the extent of recovery, )s plotted as a function of the flowback TDS conceatr

tion for different values of the permeate product TDS concentrations, hamely 250 ppm,

10,000 ppm and 20,000 ppm. The value of 250 ppm TDS corresponds to a \w@wIDS

product that is suitable for potable water or surface discharg@roduct4), and he value of

20,000 ppm TDS <corr espotud gPoodurt3l)spedificaonsasipoarrs ed o f r a
in Figures 29 & 30 The condition for typical seawater desalitian to produce potable water

(<250 ppm TDS) is also shownFigure 31.

100%

90%

80%

I 70%

60% | Seawater

X, 50% desalination
fractional
flowback 30% Flowback range
recovery applicable for

20%

i LewDSd

10% recovery process

O% T T T T T T T
10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000

TDS in Flowback, ppm —>

Figure 31. Plot of extent of product recovery, x as a function of the flowback water concentration
and desired permeate product water concentrations when retentate concentration is limited to
70,000 ppm TDS.

The applicable range of f| dDIBdHck ewatveBiset-c pmpPe RiStS|
pected to be in the range of 15,000 to 45,000 ppm TDS depending on the shale play under
consideration (see Table 2 for expected TDS ranges for different shaleés}.flowback water

concentrations in the range of 30,000 to 45,000 ppm, the expected extentef recoveries

are 50-80% for Product-3 (20,000 ppmTDS produc) and 3555% for Product-4 (50pm

TDS produc).

3. Cost criteria:

Value Assessment of Flowback Water Recovery Process

The value of the Flowback Water Recovery Process (FWRP) would depend on ¢odisp of
the shale site. The factors to consider are (a) the salinity and other contaminants in the-flo
back water that would limit the recovery (x), (b) the cost of conventional disposal options, (c)
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any regulations (penalties) related to disposal of he flowback waters or use (bere-
fits/incentives) ofthe product water for frac reuse, (d) the availability (or lack) of water for
frac use,and (e) the cost and logistics of the infrastructure available to bring in a mobile unit
at the frac flowback site.

The acceptable cost target of the recovery process would consequently be dependent on the
specifics of the shale site under consipderati on.
estd process that meets the tecavbrmi cal speci ficat

When we consider the cost of a FWRP, we need to consider the following:
9 Cost of recovery process to produce a product fit for frac-tese.
1 Delivery of the product to the reuse site
9 Value benefit of the fresh water avoided durintpe subsequentfrac operation.
9 Disposal of the unrecovered product via deep well saline water injection or somb-ot
er recovery method (e.g. thermal recovery) including transportation.

These are represented below:
Crwrr= c‘-Recovery-l' Ceoncentrate disposal ($/bblfeed) (2)
QQecovery: C}re:;\tment"' C\'F’roduct Celivery - (Gresh Watert CPenaIties_Avoid) ($/bb| pI’OdUCt) (2)

where the cost for the product recovery kecoveryincludes the cost of the treatment processes
and the cost for delivery of the product water to the reise site. Additionally, credits could be
taken for the value of the fresh water avoided during the next fracturing job, and aayoid-
ance ofpenaltiesfrom existing or pending regulations.

The volume and cost of water being withdrawn, and consequently not available forblic
consumption, isa significant public perception issue, especially during watemonstrained
situations (drought, etc.). But in most shaleplays when water availability is not a concern,
fresh water from river water and municipalities typically costs ~ $0.05/bbl plus delivery
which may result in a net cost of ~$0.22/bbl This cost is small compared to typicahline
water Class lidisposalcosts of $23/bbl. The value of the penaltieavoided, Goenaies Avoid IS
unknown at the moment. Hence, although inclusion of:6sn wateraNd Goenatties avoid Off€rs a
more economically attractive condition, a more conservativapproach would be to ignore
them, asin eqn. (3

O?ecovery@Treatment"‘ Goroduct_telivery ($/bb| prOdUCt) (3)

The cost of deliveryCeroduct_mlivery Will @again vary depending on the distance between the e
use site and flowback site, and the mode of product water transfer. The cheapest option will
be to pump into a local pond dedicated to hold this produaintil re-use. The most expensive
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option will be trucking over long distances. A reasonable estimate would 8goduct pelivery<
$0.1~0.5bbl.

For the Flowback Water Recovery Process to be economically attractive, thi@imum re-
quirement is:

CFWRP < CConventionaI Disposal

From our earlier discasions, we noted that the typical conventional disposal costscluding
transportation, could vary dependingn the individual shale plays and the availability of &
posal sites. These values range from as low as-$2/bbl in Barnett to as high a$4-$19/bbl

in Marcellus, while it is $6/bbl in Fayettevitland $3.71/bbl for transportation and ~$12/bbl
for disposal in WoodforéP. (Although, interestingly, during the Pennsylvania Chap 95 regul
tion analysis review, it was reported that even at costs anticipated for proper treatmemnich
disposal at as high as ~$10/bbl, the annual costs would comprise a mere 0.4% of the-est
mated annual revenué?.).

From thesevalues andfeedback from a few well operatorsas well asparing down the co-
tributions of product handling & delivery costand rig operating labor,the treatment cost
criterion for this project wasset as

CTreatment < $2/bb| feed
Where Crreatment = CSetup"' Gorocess
Gsewp Cost of mobile rig transportation and setup at the frac site

Crrocess  Cost associated with the capital and operating expenses related to the process steps
including process equipment, chemicals, waste disposal and maintenance.

This is the treatment cost ofsite and does not include the cost of produetind concentrate-
disposal. The labor costs associated with setting up the mobile rig are included is.{pand
thus in the Greamentvalue. However, the rig operating labor for treating flowback water has
not been included since these costs may be accounted differently different producers as
the rig may berun by operators handling multiple responsibilities at the frac site.

3.2.13 Summary of the verification of success criteria
The verification of success criteria are summarized in Figure 32.
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Verification of success criteria:

C Performance: Requirements for t

Conventional . M " "
"fresh" source Conventhnal *‘Clarified * "Softened * Desalll *'Desal water
. frac fluid water product for
Parameter Units water before L product" for re-|product” for re- R
" after additive product for agricultural
additive N use use .
R blending frac re-use discharge
blending
Total Dissolved Solids mg/L <500 <1000 NR NR <20,000 <500
Total alkalinity mg/L ~ 50 ~50 <600 <600 <600 ~ 50
Hardness as CaCO3 mg/L <150 <150 NR <2000 <2000 See SAR
Total suspended solids mg/L <2~ 10 <50 <50 <50 <50 <2~ 10
Turbidity NTU <4 <250 <100 <100 <100 <4
Chloride mg/L <50 <100 NR NR <12,500 <50
Iron mg/L <4 <10 <10 <10 <10 <4
Oil & soluble organics mg/L <10 <400 <50 <50 <50 <29
Sulfate mg/L <25 <25 <125 <25 <25 <25
Total Phosphorus mg/L ~0.1 0.1~5 NR NR NR <5
Bacteria Count #/100mL <100 <100 <100 <100 <100 <100
pH 6.7-7.4 5.2-8.9 6.5-8.5 6.5-8.5 6.5-8.5 6.7-7.4
SAR NR NR NR <12
Temperature C NR NR NR ambient

Product recovery. >05%  >90% >50% >40%

Cost of FWRP < Cost of Conventional Disposal
Treatment cost <$2/bbl feed

OO O

* Best available specifications from few
operators and published literature.

C Mobile rig configuration feasibility Actual values may vary depending on
shale formation, local regulations and
operator preferences.

Figure 32. Verification of success criteria for the Low-TDS frac flowback recovery process
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3.3 Task3: Define conceptual process alternatives for frac water recovery
for re-use
The specific objectivevas to:
1 Evaluate possible fragvater recovery flow schemes and obtain preliminary costs.
The key activities wer¢o:
1 Identify potential treatment technologies for the various contaminants identified in
Task 2.
1 Generate preliminary process schemewith these various technology optionsand
evaluate potential feasibility and risks to meet the technical product requirements,
cost targets and mobility requirements.

We reviewed available technology options to remove the various contaminants of interest in
frac flowback water. Additionally,we, at GEGR, worked closely witarious groups withinGE
Water & Process Technologies (GEW#®Tgverage their knowledge in treating various incu
trial waste waters. Specifically, GEWPT Water Chemicals division offers a wide produdt por
folio of chemials used for membranewater pretreatment and corrosion prevention, GEWPT
Membranes division offers a wide product portfolio on microfiltration, ultrafiltrationanofil-
tration, reverse osmosis, ananembrane bioreactors for treating various municipal anchi
dustrial waste waters. GEVPT Mobile Servicesifers the world's largest fleet of mobile water
treatment systems, providing rapid response for a full range of reverse osmosis, filtration,
demineralization, softening, and deoxygenation treatment on demand.

3.3.1 Frac Flowback Water Recovery Process Options
A conceptual Frac Flowback Recovery Process (FWRP) scheme for treating the frac flowback
water to provide product water fit for frac reuse is shown in Figur&3.
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Frac Flowback Recovery Process

Pretreatment 1

Product options

: Product-1
< % i Clarified only
uspended solids _
Flowback Free Oil & Grease Pretreatment 2 (for frac re-use)
water_|—> Bacteria Soft
Colloidal organics* o_gn
Dissolved Organic$ gaa,,Mic’] Product-2
|___FeMn Sulfates Softened (for
T frac re-use)
Solid waste 1
for disposal | Product-3
Concentrate | Desalinated
fm— -
I (for frac re-use)
I
= ——mmmm i mmm e
Concentrate Product-4
To Disposal <500ppmTDS
for surface
Y 0 System cost < Disposal cost for use application discharge
Maximum recovery
Robust operations for variable feed
i Greend process with minimal c¢hemi

Figure 33. Conceptual representation of a frac flowback recovery process to treat the frac flow-
back waters to provide the product options in Figure 30. The target contaminants to be removed
in each process step are indicated inside theboxes.

The flowback water is first treated to remove the various contaminants shown in tRee-

treatment-1 box in Figure 33 The key contaminantsto be removed are suspended solids,

free oil & grease, bacteria, colloidal organic and inorganic material. s&ilved ions are not

removed. The outputs from this process arga) ac | ar i fi ed oOoproductod streal
the Productl requirements specified in Figure 30, angh)a small solidsrich waste stream

produced from the precipitation and filtration stps for disposal.

For Product2, the output from Pretreatmertl may be further treatedto remove hardness
causing ions, mainly divalent and trivalent ions, in the step shown as Pretreatmé&nin Fg-
ure 33. It is possible, as shown later, to combine thecesses in the Pretreatmeni and -2
steps. The outputs from this process are: (a)
Product?2 requirements specified in Figure 30, and (b) a solitsh waste stream that needs
to be disposedof, preferablyas a nonhazardous wastedisposed of in a lanefill, or a liquid
waste stream that is concentrated in the divalent and trivalent iorthat is disposedof in an
underground saline waterinjection facility. The solidsich waste stream would be genera
edwhen precipitation met hods sadiaved bpsettinglandme sof t e
filtration. A liquid-rich waste stream would be generated when a nanofiltration membrane
process that selectively rejects diand tri-valent ions is employed. The extemf water re-
covery is definitely higher for the solidprecipitation method but it requireshandling of sd-
ids.
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To meet the Product3 and Product4 requirements, the output from Pretreatment 2 would
require the use of desalination membranes that selagely exclude the permeation of moo-
valent ions, such as Na, Kand Clbesides any residual divalent and trivalent ion$he extent
of salt removalis influenced by the choice of desalination membranes employed. Txtent
of removal could be least when anofiltration (NF) membranes thatemove the divalents and
some of the monovalentsare employedand most when highselectivity reverse osmosis (RO)
membranes are employed The NF membrane$ave the highest permeate flux and would
require the lowest membane area andlowest operating pressure(~100 psig rangé, while
the high-selectivity RO membranegdypically have the lowest flux andvould require thelarg-
est membrane area andhighest operating pressure@800-1200 psig, and thus the highest
electrical power consumption (kW/m3 of permeatellembranes with intermediate ranges of
flux and selectivity may also be considered for an optimal flux/area/power requirement for
the desired product TDS quality.

The retentate or oncentrate stream from the nembrane desalination processvould be sent

to disposalin deep well injection wellsor as feed to thermal desalination systems that can
recover more useful water for reuse anturther concentrate the saline streanto reduce the
volumes for deep well injection An ideal situation would be in a zero liquids discharge (ZLD)
facility wherein all the water is recovered and the residue is a valuable-fmpduct salt useful

as an industrial raw material or as roadalt.

3.3.2 Key contaminants in frac flowback of concern for reuse

The contaminants in the frac flowback watewere discussed in Section 3.2.10a%d their im-
pact on water reuse forhydrofracturing were illustrated in Figure 27 The salient aspects of
these contaminants for evalusing process technology options for cleanup are describedb
low:

9 Particulates: These could be precipitated solids, sand and silt, carbonates, clays,
proppant, corrosion products, and other solids derived from the producing formation
and from well bore opeations. Quantities can range from insignificant amounts to
high enough to yield a solids slurry. In theory, these should be amenable to removal
via filtration or other mechanical means.

1 Suspended solids: These are finer particulates of inorganic, métaill organic mate-
rials. They can also be colloidal in nature. Reported values are typically ~ 200 ppm
but could be much higher depending on the particular operating conditions of the
flowback. There could be significant variability in the values durithge flowback.

1 Free oil and grease (FOG): These could be from the oils and diesels from compressors
and other drilling equipment or native from the producing formation. There is a lot of
fluctuation in the reported values even in the same shale. Thereutwbbe significant
variability in the values during the flowback.
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3.3.3

Dissolved Organics: These coul small amounts of low molecular weight hydr-
carbons, polymers used adriction reducers (see Appendjx or other organics from
the formation. Reported vaies range from 108 150 ppm.

Volatile Organics: Some of the dissolved and undissolved organics could be densi
ered as volatile under normal operating conditions and as such may presentneo
cerns with emissions or fire/explosion hazards if the concentratiorare too high.
Condensates present in the shale gas that contaminate the flowback water, espécia
ly benzene, tolueneand xylenes need to be explored as they are of public concern.
Most literature values indicate <10 ppm for such compounds.

Hardness: Thse include divalent ionswith the ions of most concern being Ca and
Mg. The concentrations of these ions are high in certain shales, such as Marcellus
while low in shales such as Woodford and Fayetteville. They could range from ~100
ppm to 10,000 ppmdepending on the shale and vary as a function of flowback time
(typically increase almost linearly with TDS).

Barium: Ba as a contaminant is a concern as in many plays the Ba levels\ag/
high. Since BaSO4 has very low solubility, when*Beoncentration is high, SO%
concentration is low, and viceversa (see Figurdl for the Haynesville shale data).
Reported Ba values range from <100pm in Woodford to as high as 6,000 ppm in
certain areas of Marcellus. Even in Marcellus, there is significantiatesn as one
travels from WV via PA to NY.

Strontium: Reported values range from <50 ppm in Woodford to >2,000 ppm irr-Ma
cellus.

Iron: Reported values range from 2000 ppm. Fe*is a concern as it may oxidize
and form precipitates with various anions.

Silica: Reported values range from 1120 ppm. This could be colloidal silica ag-r
active silica; the latter is of concern as a potential foulant for desalination me
branes.

NORM: NORM originates in geological formations and can be brought to the surface
with the flowback water. The NORM values for some of the IeTiDS waters from the
Woodford shale appear to range from <20 to 500 pCi/LThese low values do not

pose any concens for treated water or any waste residues produced during recovery
of the saline waters considered in this project.

Considerations for evaluating technology & process options

A review of available technology options to remove the various contaminantsioferest in
frac flowback water was conducted. Process flow schemes with these technology options
were created. The technology options were rated for the following:

1

Technical Performance: Will the technology option remove the contaminant to the
desired specification? Can it be integrated with the other process technologies to
yield a technically workable process solution?

Cost Performance: Will the technology be cesffective? Will the overall process
cost incorporating this technology be coseffective?
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1 Mobility Performance: Does this technology have a low enough footprint that makes
it amenable to incorporation into a mobile rig? Will the overall process using this
technology be usable in a mobile rig?

The following rating scale was used:

1 Green: The risks are low with this technology option for this contaminant. Also, eve
all process integration with this technology carries low risks

1 Yellow: There are some lowed level risks with this technology option that would
need to be retired either usingpretreatment or posttreatment. For example, pgt
amide membranes typically used for desalination will get fouled at high conceanr
tions of reactive silica or precipitating salts, such as CaCO3, CaSO4, etc. Therefore,
there is need to pretreat the feedto this membrane unit to remove the potential fo-
lants or add antiscaling agents.

1 Red: The technology option has some substantial risks that need to be retired by e
ther pretreatment or posttreatment.

The results of the analysis are shown in Figusd. The conclusions from the analyses areddi
cussed in the next section.
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Reverse Osmosis

Method for separating water from dissolved salts by passing  [Performance Risks

feedwater through a semipermeable membrane at a pressure [Cost risk

. - TDS - dissolved
Technology Brief description TSS Ca, Mg Silica Iron 2+ 0&G . Ba
(monvalent) organics
[Perormance isks | SSINSRENI
Oil water separator |Coalescence of oil and removal through flotation  [Costrisk
Mobmity
Utlilized centrifugal force to separate solids and oilg2eriormance Risks | small particles
Hydrocylcone Cost s
from water BTty
. . Addition of lime and soda ash to water to achieve _|perormance Risks —
Lime softening Cost 1isk
hardness removal OBy
Chemical Coagulant addition to develop floc, removing TSS, O&G [rerermance Fisks H via suttate
Precipitation and di-/trivalent ions BTy
. Uses electricity to dissolve an iron or aluminum [Pertormance Risks scale on eectroge Uncertam removall |
Electrocoagulation ; Cost risk
electode, and developing floc. oDy
Dissolved air Clarification of water by contact with minute ZE’S':?:;‘E”W 1SS
flotation bubbles, floating air/floc mass to surface OBy
Aeration and Aeration to oxidize reduced species to less soluble [Ferormance R
sedimentation state. OBy
Biological . - [Performance Risks Tigh levels
J Process where microbes degrade organics. Cost risk
Treatment ooy L a—
Sand or multi- Vessel filled with sand or other granular media to removqzerormance 11k smaller droplets
media filtration TSS or colloids from water passed through it OBty
T 9 = ance Reks | To
. A dead-end filter made of mesh material of specific[-criormance Risks | _Tastloading
Bag filters . : Cost risk
micron size to remove TSS. OBty
The reversible exchange of ions between the liquid [petormance Risks Toulng TSk | St specitic resi
lon exchange . . Cost risk
and a solid resin OBy
) Filter made from crushed walnut sheels for O&G _[enormance Risks | _small particles not for high conc
Walnut shell filter Cost ris|
removal OBy
A highly adsorbent fomr of carbon used to remove [Ferformance Risks [Touratfigh cone |
actvated carbon ) : Cost risk
dissolved organic matter from water OBy
Bentonite clay modified with quaternary amines, — [perormance Risks
Organoclay Cost sk
used as an adsorbent for O&G OBy
Fentons Advanced oxidation using Fe and H202 to producelzzgl":zﬁ‘”” 1SXS Kinetics; chemicals
hydroxyl radicals to degrade organics. OBty
Performance RISks kinetics; chemicals fom
Ozone A strong oxidizing agent able to degrade organics. [Costrisk
oDty
o A strong oxidizing agent, although not as strong as [reormance Risks
Chlorination 9 949 9 9 Cost risk
ozone. ODINITy
Potasium i . |Performance Risks dosing; Tter fouling
Used for oxidation of iron and manganese Cost ik
permagenate oDty
Microfiltration Low pressure membrane filtration process for removing TSS |zzgt°:z:nce Sks |msmalipartces
and colloids > ~0.1um (cutoff varies by membrane) OBty
— - Perormance RISKs
" . Low pressure membrane filtration process for removing TSS |
Ultrafiltration and colloids >~20nm (cutoff varies by membrane) CZSII F;k
L Medium pressure membrane process for removing [Lerormance Risks Toulhg™ Toulmng™ Toulng™ fouTing™
Nanoflitration . - ; . Cost s
di- and tri-valent ions and species > ~1nm OBy

greater than the osmotic pressure. Mobility
Electrodialysis Separation of ionic components using semipermeable ion- (P:z;o::kance Risks
y selective membranes operating in an electric field [VoBTy —

Figure 34. Technology options evaluated in the preliminary screening in Task 3 for removal of the various contaminants in frac flowback water.
Each of the options was evaluatedfor potential risks with performance individually and upon integration into a process. Costs risks were based on
overall process satisfying the $2/bbl feed treatment cost criterion. Mobility risks were for incorporating the technology an d the integrated process
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3.4 Task 4: Evaluate key Pretreatment and Membrane Processes ibench-
scale experiments

3.4.1 Objectives and Approach
The specific objectives were:
1 Evaluate pretreatment methods and RO/NF membranes for treating frac flowback
water via benchscale experiments
1 Make a go/nego decision based on whether pretreatment methodfor effective re-
moval of the contaminants are technically feasible and costffective.

3.4.2 Bench-scale experimental approach

The extent of removabf contaminants and water recoverywill depend on the flowback co-

centration and the desired product concentrabns for the Product ptions 1-4 described in

Figure 30 The various mechanical, chemical and membrane technologies thvag¢re ideni-

fied to be 06Greend i benciFfsaadedabddatony expegimeaty. afhexeat ed vi a
periments were conducted initia§t with simulated frac water (pure water mixed with known

concentrations of one or more target contaminants) and later with the frac flowback water

samples obtained from the Woodford shale.

The benchscale experiments involved the evaluation of various atliges, such as coag-
lants, flocculants, softening chemicals, sorbents, etc., various operating conditions, such as
pH, concentrations, mixing times, settling times, temperatures, flow rates, etc. variousasep
ration equipment, such as filters, mixedhedia deep filtration beds, crosdlow filtration, mi-
crofiltration, ultrafiltration, nanofiltration, reverse osmosis, etc.

Essentially, the key process steps for treating the frac flowback waters can be categorized as
follows:

91 Clarification: Removal of suspermd solids, oil & grease, microbiologicals, andsdi
solved organics (in some cases). Removal of Fe++ may be included here since-oxid
tion to Fe+++ occurs readily in the presence of oxygen and Fe+++ can cause precip
tation and fouling in downstream applicabns either during reuse as Productl or in
the desalination membrane modules used for producing Produ8tor Product4..

f Softening; Removal of Ohardnessdé6 ions, such
precipitation and plugging in downhole applicatios during reuse as Produci2 or in
the desalination membrane modules used for producing Produ8tor Product4.

9 Desalination: Removal of dissolved salt ions, mainly NaCl using membranes used to
produce product waters suitable for reuse as Product3 or surface discharge as
Product4.

In the sections below, the approach for treating the flowback waters and the associated
bench-scale experiments and results ardescribed for the key process steps
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343 Process Step: o0Clarifybd

The purpose of this step is teemove contaminants in the flowback water to satisfy the
downstream applications, &her as Productl (cf. Figure 3Bor as feed to membrane desal
nation processes. Note that the specifications for the membrane applications may be more
stringent than forfrac re-use with Productl.

Various coagulants were evaluated at different operating conditionsSomeof these bench
scale experiments with certai d-ldowatardram Sitellt s
are shown for illustration in Figur@5. We observe that coagulations effective at significant-

ly reducing turbidity, TOC, Fe and Mn, as required for Proellict

Clarify: Evaluation of coagulants e
. . . A Coagulant1 Condition 2
Sample:Sitel T compos i-ldwaber Days 1 W Coagulant2
® Coagulant3
Procedure:
160
ARapid mix coagulant for 2140
. 120
z
2 mins 100
AMix Polymer Flocculant 5 o
(10 ppm) for 1 min g 2
. . = 20 —
ASlow mix for 5 mins ) -l . e
3 B 0 200 400 600 800 1000 0 200 400 600 800 1000
/&Settllng 20 mins Coagulant concentration, ppm Coagulant concentration, ppm
30 35
25 4 30 JE——— 5
£2 o g_ | I N N €%
&15 J Q %20 1
- o ;15
L 10 4 UQ) 2 g 10 °
5 4 10 1 5
e - T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Coagulant concentration, ppm Coagulant concentration, ppm Coagulant concentration, ppm

Coagulants effectively remove target contaminants

Figure 35. Clarification of frac flowback waters. Results of benchscale experiments with the
ocompi t e 6-1DNoydford Bite-1 sample.

In Figure 36, the results of coaguldon experiments with the Site2 Day-26 sample are
shown. For this experiment, the sample from the bottom of the Bl drum which had sg-
nificant solids contentwas deliberately chosen to illustrate the effectiveness of the coagul
tion conditions. We oberve that even this worst portion oftte flowback water was effec-
tively treated by these conditions.
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Clarify: Evaluation of coagulants

Water: Site-2 Day-26 Raw Bottom of jug

Day 26 Bottom of jug
250ppm Coagulant3 & 10ppm Flocculant
Settled 30 minutes
‘ FTTT
|

——

—C
—=
b 2

——

2 . floc™ |
100
" NTU = 2098 100 \TU=5.2
TSS =776 TSS = 136
TOC=18.4 TOC =13

Figure 36. Clarification of frac flowback waters. Results of benchscale experiments with the Day-
26 Woodford Site-1 sample.

In Figure 37 the results of coaguléion experiments with the Sitel Day-1 sample are shown.

As seen in Figure16 and 17, the Day-1 sample had the highest total suspended solids (TSS)

and very high total organi ccompositb 6 nD @MYL val ues
Site-1 or the Day-26 sample from Site2. We observe in Figurd7 that the coagulation cond-

tions that were succescmnmf aSielpbag tideampld iyFigwme t h t he
35 and Day-26 Site-1 sample in Figure 36vere not as successfuwith this Site-1 Day-1 sam-

ple.

Clarify: Evaluation of coagulants

Site-1 Day-1 Settled 30 min
500 ppm Coogulant-3
5 ppm Flocculont

Site-1 Doy 1 Row

NTU =209 NTU =889

Day 1 water difficult to treat!

Figure 37. Clarification of frac flowback waters. Results of benchscale experiments with the Day-
1 Woodford Site-1 sample.
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However, when the supernatant liquid after fexulation and settling was passed through a
novel GEultrafiltration membrane, the desired clarification wa obtained, as shown in Figure
38. The technique was also effective for thBay-26 sample from Site2, although such extra

clarification may not benecessary in this case.

Clarify: Coagulation + UF

Raw

Figure 38. Clarification of frac flowback waters with coagulation and ultrafiltration .

Water: Woodford
Site-1 Day 1

Coagulated with Cross flow system
500ppm Coagulant-3+ GEUFmembrane
5ppm Flocculant
Settled 30mins

Water: Woodford Site2
Day 26 i bottom

Raw Coagulated Coagulated &
only GEUF filtrate

Coagulated +
GEUF filtrate

NTU = 207 NTU = 90 NTU=0.6 NTU=2098 NTU=5.2 NTU=0.17
TSS =238 TSS=226 TSS=34 TSS =776 TSS=136 TSS=42
TOC = 130 TOC =46 TOC = N/D TOC=184 TOC=13 TOC=6

Encouraging lab results for oily & dirty waterclarification
with novel GEUF

bench-scale experiments with the Site-1 Day-1 and Site-2 Day-26 Woodford samples.

3.4.3.1 Removal of Organics

The sources of organic compounds in the frac flowback wateiere described in Section 3.3.2
and were broadly classified agree Al & Grease, Dissolved Organicaind Volatile Organics

In the data shown in Figure 3538, we doserved that it is relatively difficult to reduce the TOC
for the Site-1 Day-1 water compared to the Site2 Day26 and Sitelo composi t e 0
very likely that the natue of the organics for the Sitel Day-1 water is significantly different
compared to the other later flowback samplesperhaps more contaminated by the Free Oil &

Grease components

For better understanding, various sorbents were evaluated. In Fig@& the sorbent perfo-
mance from isotherm experiments are plotted for similar eeriments conducted with the
Site-1 Day-1 sample and Sitel 6 Co mp o s s 1-18l Gamplea ynterestingly, with th®ay-1
we observe two distinct regions

sampl e,

remove organics from ~180 ppmto ~30 pp T OC, and (b) odi

down from ~30ppm TOCThissuggests topossiblydifferent natures of the two sets of orga-
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ics in the flowback sampl e. Moreover, we oObser
Days t14 water sample, withan O0easydé to remove group down to
more odifficultdé to remove group down from ~20
the oO0easyd regions of the adsorption39agot her ms
same, which indicat s t hat the oOcomposited sampl er- may be
sion of theDay-1 sample in this regard.

Organics removal with sorbents: Labscale experiments

Adsorption Isotherms

Water: Woodford Site2 Day 1 Easy to
¢ Sorbent1 i remove ¢ Sorbent 1
“1 | m Sorbent2| | group | m Sorbent2| |
w | | A Sorbent3| |, A Sorbent 3}

Water: Woodford Site2 T Composi-14ed D

160

3

8

100 -

80 4

60

TOC absorbed/g sorbent,ge (mg/g),

40

5

TOC absorbed/g sorbent, ge (mg/

==

B g

20 4

0 56 160 15;0 200 /fo 20 40 60 80 100 120 140 160 180 200
TOC, Ce (mg/L) Difficult to TOC, Ce (mg/L)
remove
group
Two 1 oi li dasyygdifficult te remove with sorbents!

Figure 39. Removal of organics from Woodford shale flowback samples. Comparison of adsorption
isotherms of three sorbents for the Site-1Day-1s ampl e and o0Coripsamplet ed6 Days 1

3.4.3.2 Nature of the organics in frac flowback waters d novel analytical technique

The organic content of the flowback waters were initially measured by two techniques,

namely via Ohexane extractiond and HgureI/ot al Or g
The OHexane Extractablesd met hod giexamssda measur
uble and is a good indicator of the free Oil & Grease content of the frac flowback water. The

TOC measures the amount of combustible organic carbon present in the frac flowback water

and is an indicator of dissolved and undissolved organics, imting non-volatile and volatile

compounds.

The Ohexane extractablesé and TOC met hods are U
content in waste waters. However, to understand the nature of these organic contaminants,

we have used another technique deelopedby Hans Gradeat GE Global Research that uses

a 2-column gas chromatography (GC) method for separation of the components based on

polarity and boiling point, followed by analysis with a Time of Flight Mass Spectrometer. In
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this technique, 100 ml bthe water of interest is mixed intimately with 20 ml of methylene
chloride to allow extraction of the organic contaminants into the methylene chloride phase.
After separation of the two layers, the organic contaminants are analyzed by the GCxGC MS
method. A pure methylene chloride with 10 ppb methyl eiosonoate was used as the Control
sample for comparison.

In Figure 4Q the GCxGC MS plots for timay-26 raw frac sample and the Control sample are
shown in the 2dimensional format of Polarity x Boilingdht. We notice the location of ¢
ferent hydrocarbons on the plot for Sit€ Day-26 water.

Polarity rolanty

Bolling Point

Eoilimg Point

Control Day 26 Raw

Figure 40. GCxGEeMS 2D plots for the Control and Day-26 (frac) raw water. Note the presence o
hydrocarbons of various polarities and boiling points (molecular weight) in the Site-2 Day-26 sample.

The GCxG®IS data may also be plotted in a-® format to indicate the magnitude of the
response, as shown in Figurél for the Control sample. It should be noted that although the
magnitude could be an indicator of the concentration of the organic contaminant (or §a
ment), it may be influenced by a variety of others factors. Hence, thesB dlots are best
usedas qualitative indicators.
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Figure 41. GCxGEMS3-D plot for the Control methylene chloride (with 10 ppb methyl eiosonoate).

Similarly, GCxG®IS 3D plots for theSite-2 Day-26 and Site-1 Day-1 frac water field samples
are shown in Figured2. The corresponding data for the hexanextractables and DC meh-
ods shown in Figure 17 are also reproduced in Figurg.AWe observe that theSite-1 Day1
sample has more polar hydrocarbon compounds and also higher intensities. This @orr
sponds to higher total organic carbon in th&ite-1 Day-1 raw water compated to Site-2 Day

26 sample.

Hydrocarbon removal analysis

Novel sample analysis based on GC x GC + ToFMS techniqt
(Instrument: LECO Pegasus 4D )

| Sitel ||| Site2
Days 1-14

' Day26 ||”

Hexane
Extractables
Total Organic
Carbon, ppm

M
Flowback time, day\s;\

Hans Grade,
GE GRC

Hydrocarbons f

Boiling

. o . /
o . - Polarit)
a Polarity || v

Day 1 Raw Day 26 Raw

Figure 42. GCxGEMS 3D plot for the Day-26 and Day-1 frac water field samples. Day-1 sample
has more polar hydrocarbons and in general, higher intensities corresponding to the overall

higher TOC cortent.
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Evaluation of various treatment methods for removing organics in frac flowback waters

A series of liter jar experiments were conducted with the frac flowback field samples using
a variety of coagulantsflocculants, adsorbents, and oxidants and for various operating rco
ditions (time, mixing conditions). Samples were collected during these experiments arad an
lyzed by the above mentioned GCxE@S method to evaluate the effect of the treatment
method on appearance or disappearance of organic species. For example, in FigdBethe
GCxGaMs plot for the water sample after Treatment 1 is compared to the original r&ite-2
Day-26 water sample. We observe that the Treatment 1 introduced certain species that
were shown to correspond to surfactant molecules.

Surfactants

T~

Boiling

- W Point . '.5"'H
_Column 1 i Column2 | o ;
IBoiling Pt % 7 Polarity ' Polarity

Day 26 Treatment 1

Figure 43. Effect of Treatment#1 on the organic contaminant levels of the Day-26 frac flow-
back water sample. Observe the appearance of peaks associated with surfactant molecules.

Similarly, Treatment method 5 and Treatment method 13 are compared iFfD2GCxGE&MS

plots in Figure44. We observe that Treatment 5 has effectively removed a portion of the h
drocarbons found in the originaDay-26 raw water, while Treatment 13 has significantlyid

minished the intensities of the hydrocdnon peaks relative tadaw and after Treatment 5.

The effect of operating time for Treatment #13 on the level of organic contaminants in the
frac flowback water is iustrated in Figured5. We observe that the intensities of the peaks
corresponding to organic contaminants diminishes significantly for longer operating times.

From the above results it is clear that the novel GCxGC + ToFMS analytical technique provides
a powerful means to evaluate the effect of various treatment methods on thesenceand
disappearance of various organic species. However, it should be noted that the nature of
this research is still in its infancy. More work is required to quantitativéihk the effectie-

ness of any treatment method on the removal of particular organic species that are undesi
able for product quality specifications for frac reise or impact on desalination membrane
fouling.
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Removed

Polarity

TreaentS

Treatment 13 time 1

Boiling Point

Figure 44. Compaison of GCxGEMS 2D plots for Day-26 raw water and after Treatment#5 and Treatment#13.

Calumn ! , Column 2
¥Bailing Pt Polarity

él:llu mn ':':ﬂu mn : ’ Co!u N r:l':lll.l mn :
oiling Pt~ # Polarity Bolling Pt & - Polarity

Treatment 13 time 1 Treatment 13 time 2

Figure 45. Comparison of GCxGEaMS 3D plots for Day-26 raw water and after Treatment#13 for

two different times.
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3.4.4 ProcessStepp Sof t enod

The emo v a | of ohardnesso6 i ons, such as Cai; Mg , B a
tation methods, such as lime softening or membrane methods, such as nanofiltration that
selectively reject the divalent and trivalent ionsThe limesoftening process, if properly d-

signed would provide water recoveries in the range of >95%, which satisfies the reguir

ments in Figure 30. We evaluated nanofiltratioria modeling with the GE Winflows men-

brane system design and simulation softwaré using technical performance dataf or GE3 s
nanofiltration membranes. For the frac feed water sample analyses reported in Table 8, al
hough the removal of hardness was >80%, the water recoveries were in the range of
50~80%, which is much lower than the product spedifitions in Figure 30. Hence, we have
focused our effortson evaluating only limesoftening for softening frac flowback waters.

Lime ftening has been industrially used for more thaa hundred years. It may be operated

in the o0col ddé mhldteh mug hd htoh & dmoaltedé modeos-requires
singt he oO0col d6é6 mode wi ll provide robustnwss to oul
back waters from a variety of frac sites.

The principles and process of lime softening are best explained the GE Water websitg.
Hence, only a summary is provided below.

When hydrated lime, Ca(OH)2, is added to the water being treated, Me++ ions are precip

tated as Mg(OH)2Noncarbonate or permanent calcium hardness, if present, is not affected

by treatment with lime alone. The frac flowback water sample analyses shown in Table 3

indicate a high level of noncarbonate hardnes8t he t ot al hardness/ 6MO6 al k
5 for the three samples under consideration. In such cases, soda ash (Na@Oalded to

precipitate the Ca++ as CaCO3

0y

Benchscale experiments were conductedyy addition of Ca(OH)2 and Na2CO3 telifer jars

containing the frac flowback sample. The results for the SiteDay-1 and Sitel 0 Composi t eo
Days 1-14 samples are shown in Fige 46. Similar data was obtained for the Si2 Day-26

sample (reported later in Table 5)We observe thatlime softening conditionsare able to sg-

nificantly reduce the hardness levels to meet the specifications for Prodixiand the pe-

treatment levels required for desalination membrane processes.

The process equipment required for precipitation softening are vessels with mixing egui
ment to contact the feed water with the lime initially and then with soda ash. After sufficient
contacting, the precipitate is allowed to settle and the clear liquidfitered. The settled de

ids or sludge needs to be compacted to reduce the water conteaind lowerthe waste han-
dling and disposal costs. A combination of sludge compaction and filtratisnused typically

to obtain wastes containing ~30% solids. Further reduction of the water content may require
some means of evaporation. The relative costs of locating such sludge drying processes on
site versus the waste disposal costs need to be weighen an individual frac flowback site
basis
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Clarify + Soften: Labscale experiements
Site-1 Day 1 water

400 6,000 T ‘
H Total
350 & Raw [ 5000 7 Hardness, mg ||
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= 250 ! TSS, mg/l
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3 . g 100 -
Sitel 1T Day 1o g5 1,000 1
raw - o 5
TOC, Turb, HEM, Silica, Sr, mg/l Sulfate, . .

. mg/l  NTU mgl mgl mg/l Raw UFonly Lime Lime+
Lime + Contaminant only  UF
Soda Ash Sitel T Composited wat

@ Fe, ppm " 7,000
250 -
@ Ba, ppm ‘s 6,000
200 | I | | Sr, ppm : 5,000 B "Hard-Total, ppm
I I I m so4ppm | |18 4000 1 "M-alk, ppm
150 O sioz2low, 3
I oo | |19 3,000
W SiO2-Total, E
100 s 2,000
5 1,000
50 e 0 ‘ ‘
pHadjto UF-1filtrate Lime Lime
0 o trough  Lime Lime Lime 6.8and  (Nolime- softened softened +
. adjustedto  GM (UF  softened softened  softened unfiltered  softening)  settled  UFfiltrate
25 min 6.8and flatsheet) notsettled settled (UF flat
. unfitered sheet) Treatment method
settling

Softening feasible for Woodfordfrac flowback water samples

Figure 46. Clarification of frac flowback waters with coagulation and ultrafiltration. Results of
bench-scale experiments with the Site-1 Day-1 and Site-2 Day-26 Woodford samples.

The expected water recovery after such a lirseftening process is expected to be >95%.

Mass balances were conducted for a 5pm frac flowback water treatment system to d-
termine the amounts of lime & soda ash required arthe amount of waste stream gener&
ed.

For the Site2 Day-26 stream shown in Table 3, the amounts of Ca(OH)2 and Soda A&sh r
quired per bbl of feed water would be 0.38 Ibs and 0.56 Ibs, respectively on a dry basis. The
amount of sludge (30% solidg)roduced would be 3.68 Ibs/bbl feed processed, i.e. 3.2 short
tons/day. Assuming disposal costs of $70/ton at a ndmazardous disposal site located wlit

in 50 miles and transportation costs of $5/mile, the waste disposal costs are estimated to be
in the range of $0.15/bbl of feed.

For the Sitel Composite Daysd14 sample, which contains a higher level of hardness, the
amounts of Ca(OH)2 and Soda Ash required per bbl of feed water would be 0.50 Ibs and 1.91
Ibs, respectively on a dry basis. The amount oéste generated would be 7.84 Ibs/bbl water
processed, i.e. 6.7 short tons/day. The waste transportation and disposal is estimated in the
range of $0.30/bbl of feed.
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3.4.5 Desalination Membrane performance

For Product3 and Product4, that require desalination b TDS levels20,000 ppm and <500
ppm, respectivelythe performance of membrane desalinationwas evaluated via modeling
using the GE Winflows membrane system design and simulation pack#&ge Various men-
brane materials and system design configurations were considered to increase water gsro
uct recovery. The methodology is illustratechi Figure 47for a feed solution with composition
similar to that obtained after pretreating (lime softened and filtered) Sif Day-26 sample.
This feed rate was 50 gpm and contained 35K ppm T,Dile the desired producthas TDS
<500 ppm, i.e. meeting Produet quality requirements (cf. Figure 30). We observattiby
appropriate choice of membrane system designs, it is possible to increase the recovery from
49% using the standard seawatedesalination design toas high as61.5%. The retentate
concentration correspondingdy increased from 68K ppm to 90K ppm TDS finese conditions.
This has implications on overall system recovery and costs of the overall flowback wager r
covery process as will be discussed under Task @he increase in the number of stages and
process complexity increases capital equipment casin terms of pumps, membrane na-
ules, interconnected piping and control equipment. Hence, tradéfs of higher recovery vs.
higher equipment costs needs to be considered.

Desalination: Increasing water recovery by Multi-staging

Modeling with GE Winflows membrane simulation package

1=togs
— D—] 2stoge
R~y @ — i 2 Stoge medified
e o) =

Figure 47. MaximizingRO-desalination water recovery of pretreated Site-2 Day-26 flowback water
via simulation studies using GE Winflows software.
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